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Jackson Hole, a rapidly developing region of northwest Wyoming, is experiencing 
increased surface and ground-water related disputes. Currently, no basin-encompassing 
model to assess ground-water resources of the shallow ground-water system has been 
satisfactorily completed. The purpose of this study was to conceptualize and characterize 
the Jackson Hole hydrologic system using a procedure advocated by Kolm (1993), the 
ARC/INFO Geographic Information System (GIS) for data management and analysis, and 
MODFLOW (McDonald and Harbaugh, 1988), a finite-difference numerical model. The 
study area encompassed the Jackson Hole valley from Jackson Lake south to the Grand 
Canyon of the Snake River, Teton County, Wyoming.
Published data, collected in disparate formats and scales, were integrated into an 
ARC/INFO database that included geographic, geologic, and hydrologic data. Each data 
set was analyzed in ARC/INFO to characterize surface and subsurface conditions and the 
hydrologic system. A water table map was developed from well, river, natural lake, 
spring, vegetation and topography information. The flow system, conceptualized as three 
inter-connected systems, was estimated from the water table distribution, landforms, 
surface water features, and/or geology (depositional patterns, faulting).
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Conceptual models were numerically tested by interfacing the ARC/INFO database 
with MODFLOW. Mass balance estimates and a water table were predicted by 
MODFLOW for the shallow hydrologic system. The MODFLOW model was calibrated 
to estimates of recharge, discharge, baseflow, and the water table map.
A state-of-the-art database of the Jackson Hole hydrologic system was developed. 
The hydrologic system was characterized to the full potential of the available data. A 
basin-encompassing conceptual and numerical model, which simulates the hydrologic 
system in Jackson Hole, was satisfactorily completed. GIS technology was proven to be 
a viable technique for supporting the hydrologic investigation and the modeling process. 
Since the numerical model was not designed for ground-water management purposes, the 
development of a more complex, numerical model for management decisions, and 
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The Jackson Hole valley, a rapidly developing region of northwest Wyoming, is 
experiencing increased surface and ground-water related disputes. Addressing current and 
projected hydrologic issues requires gathering, integrating and evaluating relevant data to 
gain a fundamental knowledge of the basin’s hydrologic system.
Numerical modeling is a valuable management tool for simulating Jackson Hole’s 
hydrologic system since complex and disparate data are integrated for conceptualization 
and characterization of the system. Geographic Information System (GIS) technology, 
specifically designed to allow investigators to integrate, visualize, interpret and convert 
large amounts of disparate data, is equally useful in aiding modeling and basic hydrologic 
assessment. The investigation of the Jackson Hole regional hydrologic system was, 
therefore, conducted using numerical modeling, GIS technology, and a standard procedure 
for the conceptualization and characterization of hydrologic systems.
1.1 Purpose
Currently, no basin-encompassing numerical model, which simulates the 
hydrologic system in Jackson Hole, has been satisfactorily completed. The purpose of 
this study, therefore, was to conceptualize and characterize the Jackson Hole hydrologic 
system using a procedure advocated by Kolm (1993), the ARC/INFO Geographic
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Information System (GIS) for data management and analysis, and MODFLOW 
(McDonald and Harbaugh, 1988), a finite-difference numerical model. GIS technology, 
used as a pre- and post-processor, was evaluated for its usefulness in the modeling 
process. The study area encompassed the Jackson Hole valley from Jackson Lake south 
to the Grand Canyon of the Snake River, Teton County, Wyoming (Figure 1.1).
1.2 Scope
Jackson Hole, Teton County, Wyoming is an approximately 500 square-mile 
topographic and structural basin immediately south of Yellowstone National Park, 
northwest Wyoming. The study area was selected for several reasons: 1) there were 
repeated reports of water-related problems in the Teton and Yellowstone parks; 2) 
extensive development has occurred in Jackson Hole basin; and 3) increased population 
growth is projected for the Jackson Hole area in the future; and 4) despite numerous field 
investigations, there is a general lack of hydrologic information pertaining to Jackson 
Hole. A preliminary check revealed 1) many published geologic reports were available, 
2) the southern half of the valley had numerous water wells, 3) approximately 100 years 
of government-collected climate and river gage data were available, 4) the hydrologic 
system appeared to be one complete regional system, and 5) a preliminary regional scale 
hydrologic study of northwestern Wyoming (Cox, 1976) was available for comparison.
The scope of the study was, therefore, limited to the following: 1) published data 
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Figure 1.1 Location of Study Area
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(1993) would be followed for conceptualization and characterization, 3) the supporting 
GIS would be ARC/INFO Version 6.1.1 by Environmental Systems Research Institute 
(ESRI), hereafter referred to as ARC/INFO, 4) the finite difference code, MODFLOW 
(McDonald and Harbaugh, 1988), would be used for numerical modeling, and 5) the 
numerical model, a simplified 2-dimensional, steady-state simulation of the hydrologic 
system, would be designed to test the Kolm (1993) approach and the use of ARC/INFO 
GIS technology. The numerical model would not be designed for use as a management 
tool. However, the results of the modeling effort could be incorporated into the 
development of a more complex, numerical model for management decisions, and for 
developing data gathering strategies.
1.3 Research Procedure
Assessment of Jackson Hole’s complex hydrogeologic system was initiated by 
constructing a workable database in ARC/INFO. Large amounts of data acquired in 
disparate formats and scales were converted to digital format and processed in ARC/INFO 
to form a GIS database of spatial data linked to attribute information. Because the 
development of the ARC/INFO GIS database is fundamental to the study, GIS and 
ARC/INFO procedures are discussed in detail in Chapter 2. Once constructed, the 
ARC/INFO GIS database was used to aid conceptualization, characterization and the 
numerical modeling process.
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Conceptualization and characterization are fundamental to assessing hydrologic 
systems. Kolm (1993) outlined a systematic approach for conceptualizing and 
characterizing complex hydrologic systems (Figure 1.2). The systematic process results 
in the characterization of two components: 1) the hydrogeologic framework, and 2) the 
flow or hydrologic system. Kolm (1993) characterizes natural systems by utilizing 
surface phenomena to guide the more difficult process of subsurface characterization. The 
procedure advocated by Kolm (1993) was adapted for this study because the majority of 
data collected pertained to surface phenomena and very little was known of subsurface 
hydrogeologic and hydrologic conditions.
As previously mentioned, primary data derived from published literature sources 
were collected, and compiled as an attributed, graphical database in ARC/INFO. Primary 
data sets included topographic, botanic, pedogenic, climatic, geologic, surface water, and 
cultural information. The database was visually and numerically analyzed in ARC/INFO 
to conceptualize and characterize Jackson Hole’s hydrogeologic and hydrologic systems. 
These procedures and analyses are discussed in Chapter 3, Surface Characterization; 
Chapter 4, Hydrogeologic Characterization; and Chapter 5, Hydrologic System 
Characterization.
The characterized Jackson Hole regional aquifer system was then simplified and 
numerically simulated using MODFLOW. Data essential to numerical modeling, derived 
as part of hydrogeologic and hydrologic characterization, were distributed across the 
model area using various methods in ARC/INFO. Distributed parameters were converted
ER-4348 6
Data Gatheringand PreparationI
Primary Data Base •<------------I
Field (on-site) ConceptualizationI
Hydrologic System Conceptual Model —I
. Surface and Subsurface Characterization 
|




Hydrologic System Model -----------
Numerical Model Selection, Design, SimulationI
Numerical Modelof Hydrologic System —
Figure 1.2 Approach for conceptualizing and characterizing complex hydrologic 
systems (after Kolm, 1993).
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from vector to raster format and exported to the numerical model using ARC/INFO*s grid 
functionality. A calibration water table map was developed in ARC/INFO to incorporate 
primary data (water well, river stage, spring, lake, vegetation, topography), interpreted, 
and conceptual model information. Two dimensional simulations of ground-water flow 
through the shallow alluvial aquifer were then conducted on an IBM RS 6000 
workstation. Results of MODFLOW simulations were visualized and assessed using an 
iterative ARC/INFO-MODFLOW procedure. The numerical model was calibrated to the 
water table map, mass balance calculations, and conceptual models.
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CHAPTER 2
GIS BACKGROUND, DEVELOPMENT, AND LINKAGE TO THE
NUMERICAL MODEL
2.1 Geographic Information Systems Background
A common misconception is that Geographic Information Systems (GIS’s) are 
databases linked to Computer-Aided Design (CAD) type software. GIS’s do have CAD 
features, such as the ability to capture, store, and display 2-D spatial data, and GIS’s do 
efficiently link non-spatial database information, or attributes, to graphical entities. 
However, GIS software also has the ability to perform spatial analyses, or to derive new 
output by manipulating the original data set. Types of spatial analyses include line-of- 
sight problems, combining thematic map layers to derive new maps, flow through a 
network of lines, or identifying and mapping areas fulfilling specified criteria (ESRI f, 
1992). Spatial operations are possible because GIS’s store information concerning spatial 
relationships, known as topology. Topology makes it possible to conduct powerful spatial 
analyses when combined with the efficient storage and rapid processing of the GIS.
2.2 Vector Versus Raster GIS
Most primary data compiled for Jackson Hole resides as paper maps with point, 
line, and area features. These three map features form the basic topological concept of
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a GIS; however, GIS’s also store descriptive or quantitative information called "attributes" 
(Burrough, 1989).
Points, lines and areas on maps are commonly represented as vector features, or 
as a vector model, when converted to digital format. In vector models there are generally 
points with XY-locations, lines with starting and end points (direction and magnitude), 
and pointers that indicate how lines connect (Burrough, 1989).
GIS’s can also represent geographical features as a raster model; raster 
representation consists of grids or arrays of values that are spatially registered (Burrough, 
1989). The resolution of the grid affects the visual display of the feature - finer grids 
produce more visually complete representations.
The Jackson Hole database was represented by both vector and raster models. 
Data analyses necessary to estimate surface and subsurface hydrologic conditions varied 
according to the data format. Data used in the numerical model, however, were exported 
strictly in raster format since finite-difference models represent geographical features as 
an array of values.
2.3 Available GIS Software
The diverse application of GIS by academia, governments, and industry since the 
1980*s (ESRI, 1991) has resulted in a variety of public and commercial GIS products. 
GIS products are available for both personal computer (DOS-based IDRISI, Spans) and 
workstation (Unix-based ARC/INFO, Intergraph, Lynx) environments. Public domain
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GIS’s, such as GRASS developed by the US Army Corps of Engineers, is a raster-based 
GIS. More recently, GIS’s have been converted to utility-type programs that operate 
under CAD’s such as ESRI’s ARCCAD for AutoCAD (Autodesk), and Intergraph for 
Windows NT.
GIS’s are structured to facilitate 2-, 2.5-, or 3-dimensional data. GIS’s most 
commonly deal with 2- or 2.5-dimensions, but true 3-dimensional GIS’s, such as Lynx 
developed for the mining industry, are also available.
GIS’s also differ in product philosophy. Some companies offer a basic GIS 
package that can be customized to suit individual user needs. This approach, while 
versatile and potentially more powerful, generally requires a significant learning curve and 
is initially less "user friendly". Alternatively, GIS’s which do not provide customizing 
options are generally user friendly, but can have a limited range of application.
The cost of commercial GIS products generally varies significantly. For instance, 
PC-based GIS’s can be purchased for a few hundred dollars, while workstation-based 
GIS’s can cost tens of thousands of dollars. In addition, computer hardware requirements 
and costs vary with the each type of GIS. GIS selection should strike a balance between 




Pre-study assessments revealed that the GIS to be used and tested in the Jackson 
Hole study would need to support 1) complex data sets since the study area was 
approximately 500 square miles and the resolution of data was often fine, 2) CAD/vector 
data since most published data existed as paper maps and would be converted to digital 
format by digitizing in a CAD system, 3) vector-to-raster conversion since the finite- 
difference model to be run required raster format for most inputs, and 4) adequate visual 
display of data sets to aid in conceptualization of the hydrologic and hydrogeologic 
system. The last requirement was that the GIS be widely used so computer results from 
the study could be used by other investigators.
A Unix/XWindows-based GIS product, ARC/INFO v.6.1.1 developed by 
Environmental Systems Research Institute (ESRI), was selected for the research project 
because 1) ARC/INFO efficiently accommodates large, complex data sets, 2) ARC/INFO 
supports vector and raster data structures and provides translators between the two 
models, 3) ARC/INFO’s graphics allow excellent visualization, and 4) ARC/INFO is 
considered one of the defacto standards in industry and government.
2.3.2 ARC/INFO Description
ARC/INFO v.6.1.1 is comprised of 5 primary packages, each providing different 
functions. ARCEDIT, ARC/INFO’s "CAD-type" program, is used for digitizing, editing, 
and attributing coverages (ESRIc, 1992). INFO is the database management system
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which stores and allows manipulation of attribute data. GRID is a raster-based program 
which provides tools for both simple and complex grid-cell analyses (ESRId, 1992). 
ARCPLOT provides the cartographic tools for map design, display and production 
(ESRIe, 1992). ARC is the unifying program which translates data between ARCEDU, 
INFO, GRID and ARCPLOT. In addition to program linkage, ARC performs functions 
such as 1) data import and export, 2) vector spatial analysis, 3) georeferencing of data, 
4) raster - vector conversions, and 5) building of topology.
As mentioned, ARC/INFO stores digital geographic features as either vector or 
raster models. Vector models, called coverages, store primary features (points, lines/arcs, 
polygons) and secondary features (reference tics, map boundaries, annotation). Raster 
models, called grids, store location and cell-value information. Corresponding attribute 
information for either model is stored in the INFO database as tables (ESRIf, 1992).
2.4 Database Development
The lengthy process of database development included acquiring data from various 
sources, converting the data to digital format, moving the data into ARC/INFO, and 
making final edits to the database when necessary.
2.4.1 Data Sources
The published data compiled in ARC/INFO were mostly acquired from federal, 
state, or county governments. For example, maps and reports regarding topography,
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geology and hydrology were obtained from the U.S. Geological Survey. Climate data 
were obtained from National Oceanic and Atmospheric Administration (NO A A) and 
National Weather Service (NWS) records. The State of Wyoming allowed access and 
reproduction of legal documentation pertaining to well permits and drilling. The 
Wyoming State Highway Department provided drilling information associated with bridge 
construction in Jackson Hole. The Town of Jackson waste water treatment plant 
reproduced water level records for 4 monitor wells. In addition, water level data from 
a ground-water study on the west bank of the Snake River was provided by a private 
firm, Nelson Engineering. An effort to attain proprietary geophysical data proved 
unsuccessful.
2.4.2 Data Acquisition
Eight 7.5 minute, 1:24000 scale Digital Elevation Models (DEM) were purchased 
from the USGS Rocky Mountain Mapping Center for topographic information. DEM 
represents topography using a grid of elevation values (meters above mean sea level) 
spaced every 30 meters. The Jackson Quadrangle was not available, so index contours 
were hand digitized from the 1:24000 scale topographic map, and were subsequently 
interpolated to provide equivalent grid elevation values.
The lack of complete DEM coverage caused considerable problems. 
Edge-matching of hand digitized topography contours to the DEM grids was difficult
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possibly because the published topography maps had considerable error along the edges. 
Edge-matching functions provided by ARC/INFO rendered marginal results.
Hydrography information, such as the distribution of rivers, lakes, and springs, was 
digitized from 1:24000 scale USGS topographic maps. River gage locations were attained 
from published river gage reports for the Snake River (Columbia River) basin.
Geologic and hydrogeologic information was compiled from two hydrologic 
investigations, Cox (1976) and Lines and Glass (1975), at 1:250,000 scale. Geologic 
units, grouped by the authors to represent hydrostratigraphic units, and major regional 
structures were digitized from these maps.
Several geologic cross-sections interpreting shallow subsurface conditions were 
acquired. These interpretations included 1) three sections from Gilbert (1983) at 1:7200 
scale, 2) two sections by Love and Albee (1972) at 1:24,000 scale, 3) a cross section by 
Cox (1976) at 1:65,000 scale, and 4) a cross section by Love (1987) at 1:1,000,000.
Soil Survey maps for Teton County were acquired from the U.S. Department of 
Agriculture Soil Conservation Service at 1:24000 scale. Soil units were grouped according 
to infiltration characteristics described in the report. These "hydro-groupings" were 
converted to digital format using a Tektronix raster-to-vector scanner.
A 1:150,000 vegetation map for the northern two-thirds of Jackson Hole was 
acquired from the U.S. Bureau of Reclamation and National Park Service in an 
environmental impact study (Jackson Lake Safety of Dams Project). Vegetation was 
mapped into 4 broad categories (i.e. lodgepole pine/Douglas fir, sagebrush and grassland,
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floodplain forest and willow, subalpine and alpine). To complete vegetation coverage in 
the south end of the study area, vegetation units were mapped on orthophoto quadrangles 
at 1:24000 scale. Criteria used for mapping vegetation units on the published estimated 
and duplicated as closely possible to complete mapping on the orthophoto quadrangles.
Hydrologic system information was obtained from Cox’s (1976) potentiometric 
surface and saturated thickness maps at 1:250,000 scale. Baseflow measurements and 
analyses by Cox (1976) were also used for comparison.
Evaporation data was digitized from NO A A and NWS atlases at a scale of 
1:4,800,000. In particular, maps showing average shallow lake or free water surface 
evaporation for the year and for May through October were obtained.
Bouger anomaly and aeromagnetic geophysical maps at 1:250,000 scale (Behrendt, 
1968) were assessed. These maps contained no usable information regarding the 
geometry of the shallow alluvial aquifer, and therefore, were not incorporated into the 
database.
Well permits, from the early 1900’s to 1990, were obtained from the Wyoming 
State Engineer office in Cheyenne, Wyoming. Information derived from the well permits 
included: 1) location of the well as a township, range, section, quarter/quarter coordinate,
2) water level as depth below ground surface, 3) total depth of well, 4) water bearing 
zones, 5) completion date, and 6) allowable pumping rate. Well collar elevations are not 
reported in Wyoming, thus this essential data was approximated using ARC/INFO 
methods discussed in Chapter 5.
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Approximately 115 water well drill logs were also obtained from the Wyoming 
State Engineer office. Drill logs were screened for clarity of description, depth of bore 
hole, and bedrock hits prior to selection. In general, drill log information was poor and 
lithology descriptions did not conform to accepted geological/geotechnical classifications.
Precipitation data from three NWS/NOAA climate stations (Jackson, Moose, and 
Moran, Wyoming) were collected from climatological reports. In particular, annual 
precipitation totals and departure from normal data were compiled for the available record 
(1914 -1990). Monthly totals were collected for all three stations for the period 1950 - 
1970.
Surface water discharge records from 1917 to 1992, published in USGS Water- 
Supply Papers, were collected for four permanent stations and numerous miscellaneous 
stations located on various Jackson Hole drainages. Measurements are reported as 
monthly mean discharge from 1917 to 1918 and 1945 to 1960. Measurements are 
reported as monthly total discharge from 1961 to 1992.
2.43 Data Conversion to Digital Format
An IBM RISC-6000 System, Model 730 workstation was the computer platform 
supporting ARC/INFO and MODFLOW for this study. The operating system was 
Unix/AIX Version 3 and Xwindows. All digital data were converted to compatible 
formats and transferred through various methods to this environment.
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Data were georeferenced to the Universal Transverse Mercator grid (1000 meter 
tic spacing) for zone 12. Data units were in meters.
Digital topography (DEM) data, stored on a 9 track magnetic tape, was input on 
a VAX 4500 mainframe with a 9 track tape drive. The data was transferred to the RISC- 
6000 workstation using standard file transfer protocol (ftp) through the local network.
Paper maps were digitized using Autodesk’s AutoCAD Version 11. AutoCAD 11 
was supported by a Dtk Feat 3330, 33 Mhz, DOS 486 PC with 8 Mb RAM. The 
digitizing pad was an IBM 5084 with 2 feet by 3 feet of active area and a 16 button puck. 
AutoCAD 11 files were output in American Standard Code for Information Interchange 
(ASCII) DXF format and transferred to the RISC-6000 workstation using ftp. Maps 
converted in this manner included geology, hydrology, hydrography, topography for 
Jackson Quadrangle, vegetation, evapotranspiration, precipitation, township and range 
boundaries, and gage locations (stream and climate).
Well permits, stored on a computer database at the Wyoming State Engineers 
office, were not available to the public in digital format, thus the information had to be 
re-entered from computer printouts to a spreadsheet, Excel 4.0, on a Macintosh Ilci PC. 
Approximately 1,430 well permits were obtained, but many had no static water levels, 
unknown water levels, or unknown locations. They were not entered into the database. 
Drill logs, climate data, and river gage data were also compiled using Excel 4.0.
ER-4348 18
Soils maps were converted to digital format by scanning on a raster-to-vector 
Tektronix scanner. The data files were output in IGES format and converted to 
ARC/INFO export files.
2.5 GIS Construction
Construction of the Jackson Hole GIS database required further processing of 
digital data in ARC/INFO. Processing involved coverage registration, error identification 
and correction, topology construction, and data attribution.
To develop the GIS database, ASCII data sets were first imported into ARC/INFO 
as coverages. Points representing UTM coordinates were converted to "tics" to register 
the coverage; projection was not necessary since data sets were originally digitized in 
UTM space. Coverages were then checked for 1) data completeness and/or erroneous 
extra data, 2) data accuracy (position and shape), 3) connectivity (polygons are closed, 
lines intersect properly), and 4) labeling (1 label point per polygon). Coverages generally 
required many iterations of "cleaning and building" before they were suitable for further 
analyses.
Compiled IGES data sets (from scanned soils maps) were converted to ARC/INFO 
export files before being imported into the GIS. ARC/INFO coverages created from 
scanned data required much more editing of erroneous data than was required for 
coverages created from hand digitizing data. Scanning artifacts were common because 
a fine-resolution raster image was converted to vector format. Registration of coverages
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created from scanned output involved 1) adding tics to represent the state plane coordinate 
system used to reference the soil surveys, and 2) projecting the state-plane coordinate 
system to UTM using ARC/INFO.
Once coverages were registered and free of errors, topology was constructed. 
Topology construction in ARC/INFO implies that 1) connectivity (arcs/lines connected at 
nodes), 2) area definition (lines that connect and surround an area define a polygon), and 
3) contiguity (lines have direction and left and right sides) are internally defined (ESRI 
f, 1992). In addition, basic tables containing information necessary to link graphical 
entities to descriptive data, or attributes, were automatically created. The INFO tables 
always contained two numbers - a unique record number for each graphical feature (label, 
arc, polygon) used by the software, and a feature number that is assigned by the user. 
The feature number only has significance to the user and can be non-unique. Finally, the 
basic tables created during topology construction were modified to contain desired 
attribute information. Attribution was important since descriptive information was later 
used to view, select, analyze, and display features contained within the data set (ESRI f, 
1992).
2.6 Data Inspection
After the GIS database was constructed, primary data sets were inspected for 
errors not related to the input process. The most obvious problem was inconsistent data 
coverage. Vegetation data, as mentioned, required additional work to complete coverage
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of the study area. Vegetation boundaries on the original map, published at 1:150,000, 
appear very smooth relative to the photo mapping completed by hand digitizing on 
1:24,000 scale orthophoto quadrangles. Interpreting cultivated areas was problematic 
since this category did not exist on the original map. Thus, cultivated areas were 
classified similar to surrounding native vegetation, assuming the native vegetation was 
continuous across these areas prior to agricultural development. Fortunately, cultivated 
areas were not aerially extensive.
Topographic (DEM) data also had several inherent problems, in addition to lack 
of coverage. DEM data, rendered in ARC/INFO using shaded hill relief imaging, 
revealed striping, edgematching errors, and elevation drops across some quadrangles. For 
example, one quadrangle was approximately 3.1 meter lower overall than adjacent 
quadrangles. Because DEM resolution was much finer (30 meter spacing) than the 
eventual numerical model resolution, no attempts were made to correct inherent DEM 
errors.
2.7 GIS - Numerical Model Linkage
Linking the GIS database to the numerical model required additional data 
manipulation. Data manipulation involved vector-to-raster conversions, data export, and 
formatting of raster data to acceptable numerical model input.
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2.7.1 Data Conversion - Vector to Raster Format
The finite-difference model, MODFLOW, required most parameters to be 
represented in raster format. All primary data sets were represented as vector coverages 
in ARC/INFO, except DEM topographic data. It was, therefore, necessary to convert 
vector coverages to raster format prior to exporting them to MODFLOW. ARC/INFO 
Version 6.1.1 provided vector-to-raster translators for point, arc and polygon coverages. 
Conceptually, the translators were analogous to laying a cookie cutter-over a map and 
slicing it into squares. The value assigned to each square/cell generally represented the 
major feature in the cell (i.e. value of the polygon with the most area). ARC/INFO 
allowed an attribute value contained in the coverage to be rasterized and assigned to the 
grid cells.
The vector-to-raster translators performed adequately for polygon coverages since 
polygons represent a continuous area and/or surface. Problems arose with point-to-raster 
and line-to-raster conversions because the features are discontinuous. When there are no 
points or lines, or more than one point or line in a cell, the translators have no algorithms 
to interpolate between these features. To solve this problem, an inverse-distance 
weighting function, available in ARC/INFO GRID, was used to convert a point coverage 
to a grid, and to populate cells with no features by interpolating from points that were 
located within a user-specified search radius. Line coverages were converted to point 
coverages using the ARC/INFO function (DENSIFYARC), which placed vertices along 
lines at a user-specified interval, followed by the function ARCPOINT, which converts
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arc vertices to a point coverage. With the point coverage created, the inverse distance 
weighting function could then be applied.
2.7.2 ARC/INFO Interface with MODFLOW
ARC/INFO easily exported grid data to ASCII array output using the GRIDASCII 
function. The resulting ASCII files contained a header and a grid of values in wrapped 
line format. The header was stripped using a standard text editor. Next, a utility code, 
f_array (Appendix A), was used to convert the ASCII array to a user-specified line and 
number format, making the array much easier to inspect. At this point, the data were in 
acceptable MODFLOW format and were used to conduct numerical model simulations.
2.7.3 Visualization of MODFLOW Results
Converting MODFLOW results to graphical display was accomplished through 
utility codes and ARC/INFO. First, the MODFLOW option which allows heads and 
drawdowns to be output as binary files was specified. Second, a utility code, MOD2ARC 
(Appendix A), was used to convert the MODFLOW binary output to ASCII array format. 
Any dry cells, reported as the value 1 x 1031 by MODFLOW, were changed using a 
standard text editor to the "no data" value of the ARC/INFO grid (i.e. -9999). A header 
required by ARC/INFO was added, and the resulting files were imported to ARC/INFO 
as ASCII grids.
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Once in ARC/INFO, the grids were visualized several ways. Grids could be 
contoured using the ARC/INFO linear interpolation function, or grids could be displayed 
in raster format using colors to represent the cell value by applying the ARC/INFO 
function, GRIDSHADES. Grids were also "sliced" whereby contour intervals were 
represented by colored areas, rather than by contour lines. Dry cell locations were 
imported as point files and posted on the contour or raster image to identify problem 
areas in the model.
A third utility code was developed to import non-array information from 
MODFLOW to ARC/INFO (Appendix A). The code, RIV2ARC, converted the location 
of MODFLOW river cells to an array which could be imported to ARC/INFO for 
visualization. This utility code was quite useful since river information would otherwise 
have to be manually input into an ARC/Info grid.
2.7.4 Inspection of MODFLOW Output
ARC/INFO Macro Language (AML) was used to construct an automated, efficient 
method for checking results from model simulations. The AML, MODCHECK 
(Appendix A), was designed to calculate, report, and display two types of error. The first 
error occurred when simulated heads were above topography. The second error occurred 
when simulated heads deviated from the calibration potentiometric surface.
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2.8 Other ARC/INFO Pre- and Post- MODFLOW Procedures
Several other ARC/INFO procedures were developed and found to be quite useful 
during pre- and post-MODFLOW processing. One procedure was developed to perform 
on-screen/visual editing of MODFLOW arrays. This was significant because editing of 
numerical model arrays is typically performed repeatedly throughout modeling and is 
generally cumbersome. The on-screen-editing procedure first required MODFLOW arrays 
to be imported to ARC/INFO (Section 2.7.3) and checked for numerical format since the 
following steps required numbers to be integer format. If grids contained floating-point 
values, they were manipulated so they could be converted to integer format without losing 
numerical accuracy. For example, a grid value of 0.01 would be converted to an integer 
value of "0" in ARC/INFO. To correct this, the grid value would be multiplied by 100 
and then converted to an integer. The lOOx factor was carried through the editing process 
and divided-out prior to grid exportation. The factored floating-point grids were 
converted to integer grids using the GRID command INT. The integer grids could then 
be converted to polygon coverages (GRIDPOLY). The polygon coverage was merged 
(APPEND) with a FISHNET which represented the model grid. The coverage was 
displayed in ARCEDIT and individual cells were visually edited. The edited polygon 
coverage was then converted back to a grid (POLYGONGRID), the factor was divided- 
out, and the grid was exported to ASCII (GRIDASCH).
In a similar manner, a second process was used to visually check MODFLOW 
input in terms of model area coverage. To accomplish this, the MODFLOW IBOUND
ER-4348 25
array was imported to ARC/INFO and converted to a polygon coverage. The outline of 
the model area polygon could then be displayed in the background of other coverages to 





The approach to systematic evaluation of hydrologic regimes advocated by Kolm 
(1993) guided the conceptualization and surface characterization of Jackson Hole’s 
hydrogeologic system. Conceptualization and characterization were accomplished in the 
field and on the computer using visualization and analytical techniques available through 
ARC/INFO. Information pertaining to terrain, surface water systems, climate, vegetation, 
and soils were analyzed. In general, the study area was viewed as two distinct, yet 
interrelated environmental systems, the surrounding mountain blocks and the interior 
valley. Point-source data were assessed and used to quantify hydrologic parameters when 
possible. Data regarding the effects of agriculture and urban development on the 
hydrologic system were limited, but these factors were considered to exert only a minimal 
impact over the hydrologic system.
3.2 Site Description and Physiography
Jackson Hole is a north-south trending topographic and structural basin whose 
modem landscape has been sculpted by uplift, folding, faulting, volcanism, glacial and 
fluvial erosion, and mass wasting. Structurally-complex, Jackson Hole is near the 
























Figure 3.1 Jackson Hole area and physiographic provinces of northwestern Wyoming.
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of the Basin and Range province, 2) east of the Snake River Plain and volcanic province, 
3) south of the Quaternary Yellowstone volcanic plateau, 4) on the northern margin of the 
Idaho-Wyoming Overthrust belt (Smith et al., 1990), and 5) west of the Central Rocky 
Mountain province.
The study area encompasses the valley bottom and side slopes of adjacent 
mountain ranges to the south, east and west. Jackson Lake and the Snake River below 
Jackson Lake dam to Pacific Creek, form the northern boundary of the study area. The 
southern boundary is located south of Jackson, Wyoming where the Snake River enters 
a bedrock canyon (Figure 3.2).
3.3 Topography and Landforms
Topographically, the study area consists of many landforms including mountains, 
small hills, flat-bottomed valleys, terraces, moraines, and kettles. Approximately 2,134 
meters of vertical relief occurs across the study area. Topography varies from gently 
sloping floodplains and terraces between 1,829 and 2,134 meters elevation to rugged 
mountains reaching 4,197 meters (Figure 3.3).
The topography of the mountain blocks is moderately to finely dissected (Figure
3.4). Typical of alpine systems, this usually indicates the mountains are comprised of 
numerous, high-gradient local aquifer/flow systems. In comparison, topography of the 
valley bottom is coarsely dissected and continuous. This indicates that aquifer/flow 





Figure 3.2 Jackson Hole, Wyoming study area.
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Figure 3.3 Photo of Jackson Hole, Wyoming.
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Figure 3.4 Topography, Jackson Hole, Wyoming.
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shallow valley fill may form a single, low gradient system if the potentiometric surface 
follows topography. The highest ground-water gradients of the system may occur in areas 
of topographic relief, or along the basin margins, or locally around some of the major 
rivers.
Terrain elevation, slope, and aspect are an important consideration for targeting 
potential recharge zones. It was assumed that precipitation increases with elevation to a 
maximum at approximately tree-line, and that common alpine conditions existed on 
mountain blocks, or that snowpack/precipitation is greater on north-northeast facing, steep 
slopes. On a basin scale, precipitation is considered greatest to the west along the Teton 
peaks due to high elevations, moderate to extreme slopes, and the north-northeast facing 
aspect.
Similar slope and aspect-to-precipitation relationships occur across the valley 
bottom. Inner-basin, topographic highs, such as Signal Mountain, Blacktail Butte, or 
Timbered Island, support conifer forest which indicates the basin highs receive greater 
precipitation than the surrounding basin floor. In addition, conifers were noted growing 
in wind-protected topographic lows, such as the kettles, where snowpack may accumulate 
to greater depths and is possibly preserved longer than on exposed outwash plains and 
terraces.
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3.4 Surface Water System
Surface water systems can be sensitive indicators of ground-water movement when 
the two systems are hydraulically connected. The Jackson Hole surface water system, 
comprised of perennial and intermittent rivers, lakes, and springs, is hypothesized to be 
connected to the shallow alluvial aquifer of interest Thus, the surface water system was 
analyzed to gain information regarding ground-water movement, subsurface structure, 
relative hydraulic properties of surface materials, baseflow, and to identify possible 
recharge and discharge areas.
Surface water distribution in the study area tended to be a function of regional and 
local structure, base level, slope and aspect, surface material types, vegetation, and 
precipitation. The Snake River and Jackson Lake, the two largest surface water features, 
constitute the main features that control surface water distribution in Jackson Hole (Figure
3.5). Drainages often change direction as they flow across the bedrock-valley fill 
transition indicating not only change in surface materials and slope, but possibly the 
influence of subsurface structures (for example, the Teton fault).
The Snake River originates north of the study area above Jackson Lake and is 
regulated by water releases from Jackson Lake reservoir (Figure 3.5). The Snake River 
and numerous perennial tributaries generally flow from north to south through the study 
area. Many intermittent drainages also flow through the basin, although many of them 
lose their channel before reaching the Snake. These intermittent drainages may indicate 
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Figure 3.5 Surface water type and distribution, Jackson Hole, Wyo.
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The Gros Ventre River, the major tributary in the study area, flows southwest from 
approximately Lower Slide Lake and joins the Snake River along the northwest side of 
West Gros Ventre Butte. Smaller perennial tributaries to the Snake River include Fish 
and Cottonwood Creeks on the west side of the Jackson Hole and Ditch, Flat and Cache 
Creeks on the east side (Figure 3.5).
3.4.1 Drainage Density and Patterns
The mountains surrounding Jackson Hole are characterized by moderate- to-fine 
density and dendritic-to-rectangular drainage patterns. On a regional scale, drainage 
distribution reflects an east-west-trending fabric in the northern half of the valley, and a 
northwest-to-southeast trend in the southern half of the valley (Figure 3.2). Drainage 
density and patterns probably result from large precipitation falling on steep slopes of 
relatively impermeable bedrock, and from the fractured nature of the bedrock.
Visual inspection of drainage patterns in the valley bottom of Jackson Hole 
revealed that drainages range from coarse-to-medium density in the northern half of the 
valley, to fine density in the southern part of the study area (Figure 3.5). Drainage 
patterns vary between linear and dendritic. River channels exhibit meandering and 
braided patterns and may indicate changes in surface materials and topographic gradient. 
Streams flowing from adjacent mountain ranges often fail to reach the Snake River in the 
northern half of the valley where alluvial fill is hypothesized to be deep and to have high 
infiltration rates. In the southern half of the valley, drainage density is observed to be
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fine where 1) the geometry of the alluvial basin decreases (valley converges to a narrow 
canyon), 2) the depth of valley fill probably decreases, and 3) ground water probably 
discharges.
Anomalous drainage patterns characterize the regional drainage system of the 
Jackson Hole study area. For example, the Snake River makes an approximate 90° bend 
near the confluence of Buffalo Fork, and flows southwest toward the Teton Range rather 
than along the axis of the valley. Tributaries headwatering in the northern Tetons flow 
east through the mountains, then bend sharply southward as they encounter the valley 
alluvium. These tributaries cross-cut valley fill depositional patterns and parallel the 
Snake River for many miles before joining the Snake. In contrast, streams on the 
northeast side of the valley, including the Gros Ventre River, flow southwest directly into 
the Snake River. Flat Creek, the exception, originally flowed into the Gros Ventre River 
and is now diverted south by a recent fault scarp Love (1977). In the southern half of 
the study area below the town of Jackson, the scenario is reversed with west-side streams 
flowing directly into the Snake and east-side streams paralleling before joining the Snake. 
Love (1956) attributes anomalous patterns to westward tilting of the valley floor in the 
northern part of the valley and possible southeast tilting of the southern half of the valley. 
Pierce (personal commun., 1994) suggests Jackson Hole drainage patterns result primarily 
from Quaternary glaciation and associated deposits.
The Snake River throughout Jackson Hole is predominantly braided, although 
several reaches exhibit a meander pattern. It is hypothesized that the dominant braided
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pattern of the Snake River indicates it a bedload stream that has large sediment loads, 
gradients, and/or discharge. The prominent interspersed meanders, such as Oxbow Bend 
and Deadman’s Bar, are hypothesized to result from 1) structure, 2) areas of finer-grained 
deposits, or 3) buried topography. For example, Pierce and Good (1992) suggest the 
meander at Oxbow Bend results from back tilting of bedrock. The meandering reaches 
at Spread Creek fan and Deadman’s bar are hypothesized to result from 1) fan material 
being deposited in the course of the Snake River, and 2) a breach in an outlet of an 
ancient glacial lake, respectively (Pierce and Good, 1992). An alternative scenario for the 
meander at Deadmans Bar may be that a buried, bedrock high locally reduces the gradient 
of the Snake River. The southem-most exposure of Huckleberry Ridge volcanics 
fortuitously outcrops on the south side of this meander and coincides with the projected 
alignment of the Burned Ridge morainal landform. Another observed transition in the 
Snake River from braided to meandering occurs at Blacktail Butte and the projection of 
a cross-valley lineament.
In summary, analyses of drainage density and patterns revealed the following; 1) 
an increase in drainage density from north to south in Jackson Hole may indicate the 
shallow alluvial system recharges in the north and discharges in the south, and/or that 
surficial materials become finer-grained towards the south; 2) anomalous flow directions 
may indicate that subsurface structures influence the shallow ground-water system, and
3) abrupt transitions from braided to meandering along the Snake River may indicate
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rapid transitions in materials, topography, water supply, and/or the influence of subsurface 
structures.
3.4.2 Baseflow
Gaining and losing reaches of rivers, and ground-water flux to and from the rivers 
in Jackson Hole were estimated through baseflow analyses of river gage data. The 
collection of river gage data has been sporadic; river flows were recorded at four stations 
in the basin from 1950-1965. Since 1966, more permanent gage stations were added to 
the Jackson Hole network, and numerous miscellaneous/one-time measurements were 
made in the valley (Figure 3.6). River gage data from 1964 to 1984 were selected and 
analyzed for baseflow information since this time period coincided with other point-source 
data.
Baseflow was the part of river flow derived from ground water seeping into the 
stream (Fetter, 1980). Baseflow was estimated by calculating volume changes between 
sequential gage stations measured simultaneously. Results of baseflow analyses and a 
comparison to Cox’s (1976) estimates are presented in Table 3.1. Specifically, flow 
measured at a downstream gage was subtracted from the flow measured at the next station 
upstream during times when 1) runoff from snowmelt was not a factor, 2) precipitation 
events were negligible, 3) the surface water was not frozen, and 4) evapotranspiration was 
minimized (end of growing season; moderate temperatures). If a positive volume change 
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Results of baseflow analysis.




( f t A3 /s )
STATION
2850




8 /1 5 /6 8 138 113 -25
5 /1 6 /6 9 244 214 -30
7 /2 3 /6 9 240 229 -11
9 /2 5 /6 9 38 30 -8
1 1 /1 1 /6 9 19 13 -6
8 /1 6 /7 1 271 254 -17
I 9 /2 1 /7 1 9 /2 1 /7 1
STATION FLOW FLOW STATION FLOW FLOW
CHANGE CHANGE
( f t A3 /s ) ( f tA3 /a ) (f t A 3 /a ) ( f t A3 /8 )‘
2800 72(Base) (1) 2800 72(Base)
2850 58(Base) ■ 14.0 (2) 2850 58(Base) -14.0
2860 50.9(Base) -7.1 (3) 2860 51 (Base) -11.0
2880 28.3(Base) -22.6 (4) 2880 28(Base) -25.0
‘Adjusted for inflows from tributaries
9 /2 7 /7 2
STATION FLOW FLOW




2950 (T) 0.19 (Base)
3000 61 (Base) -16.1
T = Tributary
Flat 'reek
I 1 0 /2 /7 3 1 0 /2 /7 3
I STATION FLOW FLOW STATION FLOW FLOW BASEFLOW
I CHANGE CHANGE
9 ( f t A3/a> ( f tA3 /e ) ( f t A3 /a ) ( f tA3 /s ) ( f tA3 /a ) ‘
|  8000 18(Base) 1 (8000) 18
83S0 76(Base) 58 2 (8350) 76 58.0 45
9 8550 116** -4 0 3 (8550) 118 40.0 40
“ Not repotted as baseflow so not directly ‘Adjusted for inflow from tributaries
comparable to upstream gage measurements.
Sept. Daily Avq. 1989 • 1991
STATION FLOW FLOW
CHANGE





1 0 /2 5 /7 3 -1 0 /2 7 /1 9 7 3 1 0 /2 5 /7 3 - 10 /27 /1973
STATION FLOW FLOW STATION FLOW FLOW BASEFLOW
CHANGE CHANGE
( t t A3 /s ) ( f tA3 /a ) ( f t A3 /s ) (» tA3 /s ) (» tA3 /a ) ‘
11000 725* 1 (1000) 394
11500 (T) 66 2 (2400) 650 256.0 0
12000 (T) 283 3 (2760) 764 114 100
12400 650 -424 4 (3650) 1060 296 290
2760 764 114 5 (6100) 1250 190 110
3650 1060 296 6 (7800) 1520 270 180
3 (T) 76
6100 1860* 724 ‘Cox's flow value not published; used daily average
17450 (T) 15 (Base)“ for October, 1973.
8550 (T) 1 16 “ Reported as baseflow so not directly
7800 1520 —471 comparable to other gage measurements.
8750 Est. 1820 -300
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provided no tributaries joined the river between the gages. If tributaries did join the river, 
their flux contribution was subtracted from the river surface flow (for example, 
Cottonwood Creek 9/21/71). In comparison, if a negative volume change was calculated, 
it was assumed the river had gained that differential volume from the ground-water 
system in that reach.
Published baseflow analyses by Cox (1976) for September 25 through 27, 1973 
indicate the Snake River gains 19.3 m3/s (680 cfs) between Spread Creek fan and the 
confluence of the Snake River and Flat Creek. A second Snake River baseflow analysis 
was conducted using October data for the years 1979 through 1991 (Table 3.1) and 
included data from a southern gage not installed at the time of Cox’s study. Results 
indicated that the Snake River gained approximately 25 m3/s (880 cfs) between the dam 
and the southern gage below Flat Creek. Although several tributaries could not be 
accounted for and contribution from the Gros Ventre River was estimated from a previous 
time period (1945-1958), the results appear to be in general agreement with Cox’s study. 
Unfortunately, more detail pertaining to exact gaining and losing stretches of the Snake 
River within Jackson Hole could not be estimated from the published data.
A baseflow analyses for the Gros Ventre River was not possible since gage data 
were insufficient and sporadic. However, Love (personal comm., 1994) observed that the 
Gros Ventre River loses flow in the vicinity of Kelly.
River gage data collected at Flat Creek on September 2, 1973 indicated gaining 
conditions for most of the river and supported Cox’s (1976) conclusions. Averaged
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September data for 1989 through 1991 from two stations north and south of the town of 
Jackson indicate that Flat Creek gained approximately 0.8 m3/s (28 cfs) through this 
reach.
An excellent series of measurements was made on Cottonwood Creek on 
September 21,1971. Gage measurements indicate Cottonwood Creek loses approximately
1.4 m3/s (50 cfs) to the ground-water system between Jenny Lake and the Snake River 
confluence. Pierce (personal comm, 1994) also observed that Cottonwood Creek has 
nearly no flow during late summer months.
3.4.3 Lakes
Glacial lakes characterize the northwestern perimeter of the Jackson Hole basin 
(Figure 3.2). The largest of these, Jackson Lake, is about 134 meters deep and was a 
natural lake prior to the construction of a dam in 1916 which raised the lake level by 11 
meters. Jackson Lake occupies a north-south trending graben that was subsequently 
eroded and dammed by glaciation. On the northwest side of the valley, terminal moraines 
of Pinedale age form the natural dams of Leigh, Jenny, Taggart, Bradley, and Phelps 
Lakes (Pierce and Good, 1992).
Ground-water head gradients between lakes and valley alluvium are hypothesized 
to be large with perimeter lakes recharging alluvial fill, assuming the two are 
hydraulically-connected. Ground-water recharge is probably slow since the hydraulic 
conductivity of morainal material is sufficiently low to sustain the lakes. McGreevy and
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Gordon’s (1964) ground-water study suggests this by stating that ground-water levels in 
test wells less than 61 meters east of Jackson Lake were slow to respond to reservoir 
fluctuations (Figure 3.7).
The actual volume and rate of water seepage from perimeter lakes in Jackson Hole 
is not measured. Estimates of flux from perimeter lakes is discussed later in Section 5.1.
3.4.4 Springs
Numerous springs discharge small volumes of ground water in Jackson Hole 
(Figure 3.6). The largest, Kelly Warm Spring, is 1.61 kilometers northeast of Kelly, and 
discharges approximately 0.28 m3/s (10 cfs) with a maximum temperature of 86°F (Love 
and Love, 1987). Love and Love (1987) suggest this spring issues from a 
Holocene/Pleistocene fault that displaces glacial debris in the area.
Love and Albee (1972) report a warm spring on the Jackson thrust fault on the 
west side of Boyles Hill. This spring has an estimated discharge rate of 491 m3/day (90 
gpm), a temperature of 88°F and is used for irrigation. Love and Albee (1972) also report 
a series of cool springs discharging an unknown amount near the inferred trace of the 
Hoback normal fault 3.2 kilometers south of Jackson on U.S. Highway 26. No 
temperature has been recorded for the cool springs, but local residents have observed that 
these springs do not freeze during winter months. Springs of unknown temperature also 
flow from the east side of the fault scarp which deflects Flat Creek to the south through 





















I « * .flietJvc®'
I ! 45-115-25bcaj_
JUN I JUL { AUGlSEPTi OCT jNQV I DEC JAN | FEB j MARj APR
6720








Figure 3.7 Stage of Jackson Lake and water levels in nearby wells 
(from McGreevy and Gordon, 1964).
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suggesting the scarp may form a ground-water divide (Love, personal comm., 1994).
Warm springs discharging in Jackson Hole may indicate that a deeper aquifer 
system locally discharges in the Jackson Hole basin. The extent to which possible deep 
aquifers interact with shallow alluvial aquifer systems is unknown. Due to lack of data, 
it was assumed that influences of deep-source ground water were minimal.
%
3.5 Climate
Climate is a driving force of surface processes interacting with the shallow 
ground-water system in Jackson Hole. The assessment of measured data describing 
climate is therefore fundamental to surface characterization. Precipitation data has been 
measured at three locations within the basin since 1936, except for the period 1985-1986. 
Precipitation data after 1990 had not been published at the time the literature search was
n
conducted for this study.
The variable climate of Jackson Hole is classified as cold-snowy-forest with humid 
winters (Young, 1982). Northern latitudes, high elevations and dry air cause temperatures 
to range dramatically throughout the day and between seasons. The mean annual 
temperature for Jackson, elevation 2,070 kilometers is 38°F. Mean annual temperatures 
for Moran, elevation 2,070 kilometers, and Moose 1,972 kilometers are 2-3°F cooler. 
North-south trending mountain ranges intercept prevailing westerlies and Pacific and 
Canadian storm systems. Precipitation varies with altitude and most precipitation occurs 
as snowfall.
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The coincident 48 year record from 1936 to 1984 for the three rain gages was 
analyzed for precipitation type and distribution. Mean annual precipitation for Jackson 
is 15.85 inches per year (40.2 cm/yr). The maximum precipitation for the town of 
Jackson generally occurs in May or June; July is generally the driest month (Figure 3.8). 
Precipitation generally increases northward; mean annual precipitation is 24.17 inches 
(61.4 cm) at Moose and 23.22 inches (59 cm) at Moran. Precipitation increases 
approximately 0.033 inches per foot (0.27 cm/m) of elevation gain between Jackson and 
Moose, and decreases slightly, about 0.0033 inches per foot (0.027 cm/m) of elevation 
gain, from Moose to Moran, Wyoming. The high mountains surrounding Jackson Hole 
may receive more than 60 inches (152 cm) of precipitation per year with snow depths 
exceeding 12 feet (3.6 m) (Young, 1982).
Precipitation data were also assessed to determine long-term climate patterns in 
Jackson Hole. In particular, patterns of drought or excess rainfall were of interest since 
these phenomena might impact the shallow ground-water system. Means were calculated 
from the total reported record for each station, and the cumulative departure from mean 
precipitation was plotted (Figure 3.9). The cumulative departure plot was then compared 
with similar plots of Salt Lake City, Utah (Coleman, 1992). The figure indicates that 
from 1915 to 1980 a major moisture deficit was recorded in the northern- and southern­
most part of the basin, while the record for Moose indicates a major moisture surplus. 
The magnitude and pattern of the cumulative departure plot for Moose differs 
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Since the cumulative departure from mean precipitation seemed to differ so 
dramatically for the Jackson Hole rain gages, a second analysis was conducted using a 
coincident record period for all three stations: 1936-1983. The means for each station 
were re-calculated using the 1936-1983 period. Results of the second analysis (Figure 
3.10) show the period and magnitude of moisture deficit decreased for both the Jackson 
and Moran statistics, but the shape of the curves remained generally the same. The 
station at Moose displayed a substantial change in pattern and magnitude, especially after 
the year 1960. Thus, the period of record analyzed effected the data plots. It is 
speculated that early gage data at Moose may be erroneous, or that a longer record period 
is necessary to produce more representative results.
The moisture deficit plots derived from the total record for the Jackson and Moran 
record are similar in pattern and magnitude to results presented by Coleman (1991) for 
Salt Lake City, Utah (see Figure 3.11). Coleman (1991) suggests, based on a 100 year 
precipitation record, that cycles of water surplus and deficit have a frequency of 
approximately 100 years in Salt Lake City, Utah. While the record for Jackson Hole is 
not long enough to support these conclusions, the Salt Lake study may implicate a 
regional climatic trend.
Potential evaporation for Jackson Hole was derived from NO A A (1982) 
evaporation curves for the 48 contiguous United States since no site-specific evaporation 
data have been published. These maps were derived from a compilation of data from 478 
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Figure 3.11. Cumulative departure from average precipitation, 
Salt Lake City, Utah (after Coleman, 1991)
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The NOAA (1982) potential evaporation curves were used to estimate the potential 
shallow lake or free-water surface evaporation in Jackson Hole to be 25 inches (63.5 cm) 
from May to October, and 35 inches (89 cm) annually. Because no measured evaporation 
data exists for Jackson Hole, the following generalizations were considered: 1) 
evaporation potential is highest in the summer and generally exceeds precipitation, 2) 
evaporation generally decreases with increasing elevation, and 3) the minimum 
evaporation for high western valleys during winter months (November to April) is 7 
inches (17.8 cm) (NOAA,1982).
Jackson Hole is generally spared the persistent winds which occur across much 
of Wyoming. However, high winds of 75 miles per hour (120 km/hr) have been recorded 
during storms. In general, mountainous topography channels winds through the valley 
in a southwest-northeast direction.
3.6 Vegetation Type and Distribution
Jackson Hole vegetation, characteristic of the central Rocky Mountain region, was 
broadly grouped into four categories: 1) subalpine fir and Englemann Spruce, 2) lodgepole 
pine and Douglas fir, 3) sagebrush and grasslands, and 4) floodplain forest (cottonwoods, 
willows and conifers) (USBR, 1984)(Figure 3.12). These categories were selected to aid 
hydrologic system characterization; groups 1 through 3 may represent recharge and 
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Figure 3.12 Vegetation distribution for Jackson Hole, Wyo.
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Subalpine fir and Englemann spruce persist on mountain slopes between 2,378 and 
3,049 meters elevation. Conifer forests, dominated by lodgepole pine, generally grow on 
mountain slopes between elevations 1,921 and 2,378 meters. Conifers also prosper on the 
valley floor on moraines composed of granitic rocks from the Teton mountains (Love, 
1987). Sage communities on quartzitic outwash materials are juxtaposed to conifer- 
covered moraines suggesting abrupt changes in material properties (infiltration, 
composition and/or thickness).
Sagebrush and grassland communities are widespread throughout the valley bottom 
between elevations 1,829 and 2,378 meters. These communities tend to grow on outwash 
and fan deposits. Interestingly, sage and grasses flourish despite precipitation values (15- 
23 inches/year; 38-58.4 cm/yr) atypical for this species. The plant communities 
persistence despite relatively high precipitation may indicate 1) the materials are well- 
drained, thus, the effective moisture a plant receives is much less than indicated by the 
gages, 2) sage and grass communities have a variable water tolerance, 3) rainfall is not 
linearly distributed between rain gages and local climate factors decrease effective 
precipitation available to vegetation, and/or 4) the valley vegetation has been impacted 
by historical grazing/agricultural practices.
Floodplain forests prosper primarily along the Snake and Gros Ventre Rivers 
within a 0.8 to 1.6 kilometer-wide zone of the rivers. Phreatophytes, such as cottonwoods 
and willows, grow closest to the river and derive their water from a shallow water table
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(Fetter, 1980). Plant communities growing on the floodplain have the highest 
evapotranspiration since a water supply is continuously available.
3.6.1 Consumptive Use/Evapotranspiration
Vegetation distribution is one of the key indicators of potential vertical recharge 
in Jackson Hole. Vertical recharge depends on the distribution and occurrence of 
precipitation, the amount of water held by the soil, and the character and type of 
vegetation (Rich, 1952). Common to most high-aititude western U.S. regions, the actual 
precipitation that recharges ground water in Jackson Hole is probably a small part of total 
rainfall due to the combined effects of plant transpiration and evaporation. Measurement 
of water loss due to transpiring vegetation and direct evaporation from soil surfaces is not 
easily distinguishable so the two effects are measured together as evapotranspiration. 
Because most vegetation on the valley floor of Jackson Hole receives water through 
natural rainfall, an approach presented by Rich (1952) was used to estimate consumptive 
use/evapotranspiration. Riparian vegetation found growing along the Snake River 
floodplain and in marshy areas, such as the Elk Refuge, is not rainfall dependent so other 
methods were used to estimate evapotranspiration in these areas.
Rich (1952) conceptualizes the seasonal relationship between water availability and 
consumptive use by dividing the year into periods of soil moisture recharge, water 
surplus, soil moisture utilization, and water deficit (Figure 3.13). Rich’s concept 
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Figure 3.13 Seasonal relationship between water availability and 
consumptive use.
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fall, 2) ground-water recharge in the winter/spring, 3) utilization of soil moisture by 
plants in the spring, and 4) potential evapotranspiration/consumptive use exceeding 
precipitation in the summer. It is assumed that ground-water recharge in Jackson Hole 
occurs when precipitation from melting snowpack is high and evaporation from soil and 
transpiration from plants is low (Rich, 1952). Results from Rich’s field study at the 
Sierra Ancha Experimental Forest elevation 1,555 meters (average precipitation 25 
inches/year; 63.5 cm/yr) showed that consumptive use/evapotranspiration could be 
approximated using average monthly rainfall for the summer period and evaporation for 
the winter period. In addition, Rich found that measurement of other variables, such as 
temperature, humidity, and wind movement, did not appreciably improve accuracy of 
consumptive use estimates.
Estimates of evapotranspiration in Jackson Hole were made using Rich’s 
conclusions and the following assumptions: 1) potential evapotranspiration approaches 
free-water evaporation if there is complete vegetation cover and consistent climate 
variables across the study area (Fransworth and Peck, 1982), 2) total evaporation from 
water, soil, snow, ice and plant transpiration cannot exceed shallow lake evaporation, 3) 
evapotranspiration in riparian communities is approximately equal to potential shallow 
lake evaporation, and 4) potential evapotranspiration from April through October in 
Jackson Hole is approximately 19 inches (48.3 cm) (Young, 1982).
Monthly precipitation distribution from 1956-1970 was assessed (Figure 3.8) to 
estimate seasonal rainfall. This time period coincides with published evaporation data by
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Fransworth and Peck (1982). Averaged precipitation values for Jackson, Moose and 
Moran indicated the basin received approximately 19.5 inches (49.5 cm) of precipitation 
annually, of which 8.2 inches (21 cm) fell from May to October (see Table 3.2). The 
May to October interval coincided with the designated growing season in Fransworth and 
Peck’s (1982) evaporation atlas. In actuality, the growing season for Jackson Hole may 
deviate slightly from the May to October period. The shallow lake evaporation for May 
to October 1956-1970 was 25 inches (63.5 cm) so it was assumed that most of the 
precipitation during the growing season, 8.2 inches (21 cm), was lost to 
evapotranspiration. The annual potential shallow lake evaporation was 35 inches (89 cm) 
so the potential shallow lake evaporation from November to April was 10 inches (25.4 
cm). Fransworth and Peck (1982) estimated the minimal potential shallow lake 
evaporation for higher altitude, northwestern regions during the winter season was 7 
inches (17.8 cm) based on climate data from mountainous regions of Montana. Thus, 
potential winter evapotranspiration was approximated to be 7 to 10 inches (17.8 to 25.4 
cm).
Evapotranspiration rates for Jackson Hole vegetation groups discussed in Section 
3.6, were approximated using the above information and by considering relationships 
between precipitation, elevation, and vegetation. It was estimated that evapotranspiration 
for areas covered by sagebrush and grassland was 15 inches per year (38.1 cm/yr) (8 
inches summer + 7 inches winter). Evapotranspiration rates for areas dominated by 
lodgepole pine and Douglas fir (higher elevation evergreens) were approximated at 18.5
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inches per year (47 cm) (8.5 summer + 10 inches winter). Although subalpine and alpine 
regions receive more precipitation, it was assumed that the growing season was 
substantially shorter and that evapotranspiration decreases with increasing elevation, thus 
these regions were assumed to have evapotranspiration rates similar to lodgepole/Douglas 
fir areas (18.5 inches per year; 47 cm/yr). Floodplains covered primarily by riparian 
vegetation were estimated to evapotranspire 32 inches per year (81 cm/yr). Water and 
bare soil were assumed to evapotranspire a maximum rate of 35 inches per year (89 
cm/yr).
Table 3.2 Precipitation summary for Jackson, Moose, and Moran stations, Jackson 
Hole, Wyoming.
Jackson Moose Moran Average
inches (cm) inches (cm) inches (cm) inches (cm)
Average Total 15.10 (38.4) 19.95 (50.7) 23.46 (59.6) 19.50 (49.5)
May through October Sum 7.58 (19.3) 8.42 (21.4) 8.70 (22.1) 8.23 (20.9)
November through April Sum 7.52(19.1) 11.53 (29.2) 14.76 (37.5) 11.27 (28.6)
3.7 Soils
Soil surveys of Teton County were completed by the Soil Conservation Service 
in 1982 at a scale of 1:24000 (Young, 1982). Love (1973) also mapped surface deposits 
for engineering geology properties for the Jackson 7.5’ quadrangle.
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Soils, derived primarily from mechanical and chemical weathering of bedrock and 
unconsolidated materials, vary widely in Jackson Hole. Seventy-one types of soils have 
been mapped across the study area. In general, soils can be broadly categorized into 4 
geomorphic groups: 1) soils of the western-northwestern mountains and foothills (1,829 - 
3,963 meters elevation), 2) soils of the southern foothills, buttes, and glacial moraines 
(1,829 - 2,134 meters elevation), 3) soils of the central terraces and alluvial fans (1,829 - 
2,134 meters elevation), and 4) soils of the central flood plains (1,829 - 2,134 meters 
elevation) (Young, 1982). Wind-blown loess deposits up to 3 meters thick are also 
reported by Pierce and Good (1992). Pierce (personal comm., 1994) suggested soils are 
more calcic on the east side of basin than on west side.
3.7.1 Soil Infiltration Properties
For this study, soils were grouped according to infiltration properties (Figure 3.14). 
Soils are described as having high, moderate, slow or very slow infiltration rates when 
saturated. The majority of the study area is characterized by moderately-drained soils. 
Areas of high infiltration occur east of Burned Ridge moraine in the Potholes region. 
Slow draining soils typify the floodplains of the Snake River, while very slow draining 
soils are found in swampy areas such as the Elk Refuge.
Soil infiltration information was carefully assessed since published data pertaining 
to the hydraulic conductivity of subsurface materials in Jackson Hole was essentially non­
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Figure 3.14 Soil groupings and distribution, Jackson Hole, Wyo.
ER-4348 62
and adequately reworked by glacial-fluvial processes, and that they might approximate 
subsurface aquifer materials. An analysis was performed which related the hydrologic 
soil units to permeability rates presented in the engineering index properties table of the 
soil survey report (Young, 1982). The area of individual soil units was multiplied by the 
infiltration rate for the soil unit and summed to obtain a weighted average for each 
hydrologic group. The results of this analysis showed no correlation to descriptive 
hydrologic classifications based on infiltration. For example, soils that were mapped as 
high infiltration units had the same permeability as soils in the slow infiltration rate group 
(see Appendix B). Because field infiltration tests proved uncorrelative to qualitative soil 
infiltration units, hydraulic conductivity values from Fetter (1980) for general material 
types were assigned to the soil categories.
Most surface deposits mantling the floor of Jackson Hole are of glacial-fluvial 
origin so they would probably have conductivity values representative of glacial outwash 
which ranges from 1 O'3 to 101 cm/sec. Morainal material damming perimeter lakes and 
supporting conifer growth on the valley floor probably has hydraulic conductivity values 






Subsurface characterization addresses surficial and bedrock geology, regional 
structure, basin geometry, and lineaments. Subsurface characterization north of Jackson 
tended to be mostly qualitative since little measured data exists for this area. Water wells 
drilled south of Jackson provide some subsurface data, but in general, information 
contained in drilling logs is poor quality. Interpretations and results of surface analyses 
were combined with subsurface interpretations to progressively build a concept of the 
three-dimensional hydrogeologic framework, and aquifer type and distribution (Kolm, 
1993).
4.2 Previous Geologic Work
The geology of Jackson Hole has been studied for over 100 years. The first 
compilation of geological works is presented in the Wyoming Geological Association’s 
11th Annual Field Conference Guidebook (1956). The geologic history and tectonics of 
the proposed study area have been investigated by Blackwelder (1915), Love (1956), Love 
and de la Montagne (1956), Love and Taylor (1962), Love and Albee (1972), Schroeder 
(1972), Love and others (1973), Love (1977) and Love and others (1978). Studies by 
Love (1973), Smith and others (1977), Gilbert (1983), Love (1987), Love and Love
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(1987), Lageson (1987), Simons and others (1988), Love (1989), and Smith and others 
(1990) updated geologic descriptions with current nomenclature, and investigated 
tectonics, seismicity, and engineering geology using current geologic concepts.
Basin geometry was explored using cross sections presented by Cox (1976), 
McGreevy and Gordon (1964), Gilbert and others (1983), Love and Albee (1972), and 
Love (1987). Cross sections were compared to water well drill logs filed with the State 
of Wyoming.
4.2.1 Lithology
Mountain ranges surrounding Jackson Hole are comprised of sedimentary, igneous 
and metamorphic rocks that range in age from Precambrian to Quaternary. General 
lithology for adjacent ranges, summarized from Cox (1976) and presented in Figure 4.1, 
is discussed proceeding from west to east. Basin fill and unexposed bedrock beneath the 
basin are discussed last.
The Snake River Range borders Jackson Hole to the southwest The eastern flanks 
of this range are Cretaceous age sandstones and shales mantled by Pleistocene glacial 
deposits.
Jackson Hole valley is bordered to the west by the precipitous east face of the 
Teton Range, which is comprised of Precambrian layered gneiss, schist and amphibolite. 
The metamorphic rocks are locally intruded by granite, biotite and muscovite dikes, sills, 
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Figure 4.1 Summary of lithologies for Jackson Hole, Wyo. 
(from Cox, 1976)
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■  Qal -  Alluvium & glacial-eutwash 
H i Qls -Landslide deposits
■  Qd -Rock debris
Qg -Glacial -moraine deposits 
Hi Qyb -Basalt flows
■  QTb -Bivouac Formation 
H  Tt -  Teewinot Formation 
H I Ted -Camp Davis Formation 
IB  Tc -Colter Formation
SSI Tv -  Volcanic rocks undivided 
H I TKph -Pinyon Congl. & Harbell Frms. 
HI Ksb -Unnamed sandstone, shale & coal 
H Kf -Frontier Formation
Kmt -Mowry & Thermopolis Shales
Ka -  Aspen Formation
Kbr -Beaver River Formation
Ru -  Creatceous rocks undivided
JTm -  Nugget Sandstone
Ju -  Jurassic rocks, undivided
TRu -  Triassic rocks, undivided
Pp -Phosphoria Formation
PMta -  Tensleep Sandstone & Amsden Frm.
Mm -  Madison Limestone
DOdb -Darby Frm. & Bighorn Dolomite
Cu -Cambrian rocks, undivided
Pzu -Paleozoic rocks undivided
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The northern boundary of the study area is a hydrologic boundary formed by 
Jackson Lake and the Snake River. Pierce and Good (1992) estimate that 61 meters of 
glacial outwash dams the southern shores of Jackson Lake. The Snake River flows 
through a deep scour basin filled with glacial/fluvial materials between Jackson Lake dam 
and Pacific Creek (Pierce and Good, 1992).
The Mount Leidy Highlands between Kelly and Jackson form the northeastern 
boundary of the study area. These hills are Paleozoic and Cenozoic bedrock which was 
extensively scoured by Bull Lake glaciers (Pierce and Good, 1990). The bedrock ranges 
from shales and sandstones to limestones and dolomites. Intervening stream valleys are 
mantled by alluvium and landslide debris. The most notable colluvial deposit in this area 
resulted from the massive Gros Ventre landslide of 1925.
The north flank of the Gros Ventre Range forms the southeast border of the study 
area. Bedrock in this area is Paleozoic and Mesozoic age limestones, dolomites, 
sandstones and shales. Pleistocene glacial debris and loess, and Holocene colluvium, talus 
and alluvial fans locally mantle the sedimentary sequence.
Bedrock within the valley outcrops as five distinctive knobs. Signal Mountain, 
immediately southeast of Jackson Lake dam, has Tertiary outcrops of Huckleberry Ridge 
Tuff (youngest), Conant Creek Tuff, and Teewinot Formation (oldest). Westward dips 
measured on Signal Mountain indicate downdropping on the Teton fault of approximately 
1.25 mm/yr (Pierce and Good, 1992). Blacktail Butte, near Moose, is comprised of 
Tertiary limestones and tuffs on its western half and Cambrian through Pennsylvanian
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limestones, dolomites, shales and sandstones on its eastern half. East Gros Ventre Butte, 
West Gros Ventre Butte and Millers Butte, all near the town of Jackson, are Paleozoic 
and Mesozoic limestone, dolomite, siltstone and sandstone. All five buttes in the study 
area have Quaternary deposits of loess, till and colluvium.
Quaternary glaciation, discussed in detail in the next section, produced modem 
valley landforms, scoured the basin floor, and filled Jackson basin with glacial-fluvial 
deposits that comprise the shallow alluvial aquifer of interest. The glacial-fluvial deposits 
range from clay to boulder-size and may be 1,220-2,134 feet thick near the Teton front 
(Gilbert et al, 1983).
A paucity of information exists regarding bedrock underlying the glacial-fluvial 
deposits. Few water wells in Jackson valley penetrate bedrock and no exploratory drilling 
has been performed which might reveal basin floor characteristics. Love and Albee 
(1972) propose the southern basin floor is Cretaceous-age Aspen Shale. Aspen Shale 
consists of approximately 457 meters of shale and claystone interbedded with siliceous 
sandstone and siltstone. Love and others (1973) suggest the northern extremes of Jackson 
Hole are underlain by a thick wedge of Tertiary-age conglomerate, volcanic conglomerate, 
sandstone and claystone east of the Teton fault. West of the Teton fault, the basin is 
underlain by a narrow section Paleozoic limestone, dolomite, shale, and sandstone, and 
Precambrian gneiss, schist, granite, and related rocks (Love and others,1973). The 
transition between these units from north to south is unknown.
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4.2.2 Quaternary Geology
Quaternary glaciation is of particular interest since events that occurred during this 
time produced the aquifer geometry and deposits being studied. Pleistocene glaciers 
advanced southward from the Yellowstone Plateau and/or Absaroka highlands, and to a 
much lesser extent from the Teton Range from approximately 140 to 15,000 years ago 
(ka). Quaternary deposits and glacial features are discussed by Blackwelder (1915), 
Fryxell (1930), de la Montagne (1956), and by Pierce and Good (1990). Pierce and Good 
(1992) present an excellent description of glaciation in the immediate study area. The 
following discussion paraphrases Pierce and Goods* (1992) work and introduces several 
prominent features and/or deposits within the study area.
Munger glaciation (Figure 4.2), correlative to Bull Lake glaciation, occurred 
approximately 140 to 132 ka, and the glaciers advanced southward through the valley to 
within 3.2 kilometers of Hoback Junction (Pierce and Good, 1992)(Figure 4.3). Pierce 
and Good (1992) suggest Munger glaciers 1) scoured the walls of Jackson Hole, 2) 
streamlined East and West Gros Ventre Buttes, 3) possibly eroded deep basins in southern 
Jackson Hole, and 4) deposited till and outwash forming Timbered Island. Munger 
glacial deposits are characterized by a well-developed soil according to Pierce and Good 
(1992).
Pinedale glaciation persisted from approximately 70 to 11 ka. Pierce and Good 
(1992) suggest three lobes advanced south to southeast along the Snake/Jackson Lake, 
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Jackson L.
Figure 3.2 Quaternary landforms, Jackson Hole, Wyo.
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Good (1992) identify three periods of Pinedale glaciation - the Burned Ridge (oldest), the 
Hedrick Pond, and the Jackson Lake (youngest) phases. The size and movement of the 
three lobes varied throughout these phases.
According to Pierce and Good (1992), the Buffalo Fork and Pacific Creek lobes 
scoured deep basins during Burned Ridge time as they coalesced and flowed westward 
into Jackson Hole towards Deadman’s Bar and Spalding Bay; the Snake River lobe 
probably terminated somewhere north of Jackson Lake. The Snake River probably flowed 
south along the front of the Tetons, and Buffalo Fork and Pacific Creek flowed 
southwesterly to confluence the Snake possibly in the Potholes area.
Deposits and features associated with the outwash-dominated Burned Ridge phase 
include 1) three terminal moraines and associated outwash fans in northeastern Antelope 
Flats, 2) Spread Creek ice-marginal outwash deposits/fans on the east side of Jackson 
Hole (61+ meters thick), and 3) deep sediments (183+ meters) north of Signal Mountain 
(Oxbow Bend) and into the Spalding Bay area.
Pierce and Good (1992) describe Hedrick Pond phase as follows: 1) the Snake 
River lobe flowed south through Spalding Bay to the north end of present-day Burned 
Ridge; 2) the Snake River lobe coalesced with Pacific Creek lobe; and 3) the Buffalo 
Fork lobe receded upvalley and was not confluent.
Deposits and landforms resulting from the Hedrick Pond phase include 1) 
additional morainal material composited onto Burned Ridge, 2) kettle formation on the 
east and west sides of Burned Ridge, 3) Hedrick Pond, a deep-kettle lake south of Signal
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Mountain, and 4) outwash fan development from Spalding Bay-west channelway 
southwest towards Jenny Lake (820+ meters thick) and southward across Antelope Flats.
Pierce and Good (1992) describe an undifferentiated Hedrick Pond and Jackson 
Lake phase which produced 1) the Jackson Lake scour basin, and 2) end moraines 
between String Lake and Spalding Bay-west channelway.
During the Jackson Lake phase, the ice margin was similar to the Hedrick Pond 
phase, but did not extend as far south-southeast (by 1.61 to 8 kilometers). Repeated 
failure of a glacially dammed lake in the Buffalo Fork valley (blocked by the Pacific 
Creek lobe) caused 9 to 14 meters of water to flood the Snake River below Deadman's 
bar (Pierce and Good, 1992).
Features associated with the Jackson Lake phase are 1) terraces of the Spalding 
Bay-west channelway, 2) 3 large outwash fans south of Signal Mountain and east of 
Burned Ridge, 3) the prominent meander at the Snake River Overlook which was the 
outlet of ’Triangle X-2 lake”, 4) the flood flume; specifically, large-scale bedforms along 
6 miles of the Snake River below Deadman’s Bar, and 5) the fill terrace underlying 
Jackson airport.
Water well drill logs indicate that materials deposited by advancing and receding 
glaciers were highly variable. Drill logs generally indicate subsurface materials are 
interlayered clays, silts, sands, and gravels (Appendix C). Bedrock, when encountered, 
is typically described as shale. A few drill logs describe bedrock as siltstone, sandstone 
or limestone. Pierce (personal comm., 1994) hypothesizes that early basin-encompassing
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glaciers (Munger period) formed lakes as they receded in which lacustrine deposits 
accumulated; Pierce feels lacustrine deposits may lie at depth across much of Jackson 
Hole. Unfortunately, this hypothesis has not been confirmed since drill logs do not 
adequately describe subsurface materials and younger surface gravel/outwash deposits 
obscure subsurface deposits.
4.23 Subsurface Basin Geometry
The geometry of glacial-fluvial deposits filling Jackson basin is enigmatic since 
the spatial distribution of bedrock underlying unconsolidated deposits is unknown. Wells 
seldom penetrate to bedrock and relatively little other exploration drilling or geophysics 
has been executed/published to help define the bedrock-fill boundary. Unraveling glacial 
events is helpful, but glacial studies have produced little in terms of quantitative values 
for thicknesses of deposits. In addition, modem tectonics are dynamic and have 
influenced the geometry of unconsolidated fill.
Based on the geologic information presented thus far, it is hypothesized that 
unconsolidated materials in northern Jackson Hole fill an asymmetric "wedge” having an 
axis which approximately coincides with the Teton fault. Projection of the west-dipping 
Huckleberry Ridge tuff suggests that unconsolidated deposits may be 1,220 to 2,134 
meters thick over the wedge axis (Pierce and Good, 1992). Deepest deposits probably 
extend northward from approximately Jenny Lake to upper Jackson Lake, and the wedge 
probably thins eastward to depths of approximately 100 meters. Pierce (personal comm.,
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1994) suggests that deposits northeast of Burned Ridge moraine to the mouth of Buffalo 
Fork basin may be as thick as 152 meters. Unconsolidated fill is believed to thin 
southward; deposits at the south end of Jackson appear to be less than 30.5 meters. The 
geometry of the south half of the basin is approximated to be "U-shaped" due to glacial 
scouring.
4.2.4 Structure
Extensional tectonism, starting in late Cenozoic time, significantly controlled 
modem structural development in Jackson Hole (Figure 4.4). Basin development probably 
began in early Miocene time as the Warm Springs normal fault, between Jackson and 
Kelly, disrupted the ancestral Teton-Gros Ventre uplift (Gilbert, 1983). Development of 
north-south trending normal faults, including the Teton fault along the east flank of Teton 
Range, occurred approximately 7-9 million years ago (Smith et al, 1990). These faults 
developed at high angles (70° to 80° in plan view) to older, Mesozoic to early Tertiary 
Cache Creek and Jackson thrust faults in the southern half of the valley. Lageson (1987) 
suggests that although the Teton normal fault appears to ignore Laramide surface 
structure, its development probably was controlled by pre-existing structures possibly as 
old as Precambrian. Downward displacement to the east along the Teton fault has 
dropped and tilted the floor of Jackson Hole westward as the Teton horst block uplifted 
some 7,622 meters (Love, 1977; Behrendt et al, 1968). Gilbert (1983) concludes from 
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Figure 4.4 Structural geology of Jackson Hole, Wyo. (after Cox, 1976)
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block is in the Oxbow Bend area, and that deformation occurs by warping and faulting. 
Love (1956) suggests westward tilting of terraces, the migration of the Snake River 
westward across the valley floor and the parallelism of tributaries to the Snake River 
indicates continuing displacement along the Teton fault.
Extensional tectonism also produced horst and graben structures in the study area. 
Short normal faults parallel the Teton fault at Signal Mountain (Gilbert, 1983). East and 
West Gros Ventre Butte, Miller Butte and Blacktail Butte are fault blocks exposing 
Paleozoic bedrock. Faults forming these horsts probably result from displacement along 
Teton fault (Gilbert, 1983). A scarp at the northwest end of East Gros Ventre Butte 
probably resulted from the downfaulting of Flat Creek valley during Holocene time 
causing Flat Creek to flow south through the Elk Refuge rather than west into the Gros 
Ventre River (Love, 1977).
4.2.5 Lineaments
Lineaments were assessed using topography and surface water patterns. Linear 
patterns more than 305 meters long were identified. In general, lineaments did not seem 
to follow regional fault patterns. Linear reaches of the Snake River (north of the town 
of Jackson) trended approximately N35E (Figure 4.5). This trend can be projected up 
Pacific Creek where it joins Jackson valley. Tributaries flowing through bedrock of 
adjacent ranges trend approximately east-west north of Jackson, and northeast-southwest 
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Figure 4.5 Inferred lineaments in Jackson Hole, Wyo.
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from braided to meandering at the projection of east-west lineaments. It is unknown if 
ground-water systems in Jackson Hole relate to or are effected by lineament patterns.
4.3 Previous Hydrogeologic Work
The regional hydrology of northwestern Wyoming and Jackson Hole, including 
surface and ground water quality, well yields, stream discharges, approximate water­
bearing properties of rock units and potentiometric maps (1:250,000 scale) is summarized 
by Cox (1976). A similar study by Lines and Glass (1975) investigated water resources 
in the Thrust Belt of western Wyoming, including the southern half of the study area. 
Nelson Engineering (1991) collected well data on the west side of the Snake River from 
Teton Village south to the Jackson vicinity. McGreevy and Gordon (1964) conducted a 
ground-water exploration project in the alluvial aquifer, including drilling and pumping 
of test wells, on the east side of Jackson Lake.
4.3.1 Aquifers
Based on geology, topography and structure, the Jackson Hole regional 
hydrogeologic framework was conceptualized generally as a relatively impermeable 
asymmetric “bowl” filled with highly-variable, permeable glacial-fluvial deposits. 
Although the study area is characterized by both bedrock and porous media-type aquifers, 
the basin fill is primarily being tapped for its water resources, and is thus considered the
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aquifer of interest. The surrounding bedrock aquifers were assessed only in terms of 
interactions with the valley fill.
The exact geometry, distribution, and flow characteristics of basin fill comprising 
the alluvial aquifer are poorly understood. Valley fill is believed to include multiple 
heterogeneous, anisotropic, interconnected aquifers. Well permits and drill logs confirm 
this, but log detail is insufficient to conclusively define local-scale aquifer types or 
boundaries. Water wells in the valley are typically less than 45.7 meters deep and only 
a few penetrate to depths of approximately 122 meters. These wells logs show that the 
Pinedale-age deposits form the dominant aquifer utilized domestically and that the aquifer 
material consists mostly of glacial outwash and morainal material with lesser amounts of 
alluvial fan material along the valley sides. Consequently, the basin was characterized 
having a saturated, shallow composite alluvial fill that is a continuous, unconfined aquifer 
from Jackson Lake south to the Snake River canyon (Table 4.1).
The geometry of the upper Pinedale-age deposits comprising the shallow 
unconfined aquifer was approximated using published geologic cross sections, well logs 
and topographic constraints. In general, it was assumed that the unconfined aquifer was 
approximately 15 to 45.7 meters thick across the southern half of the valley, and 
underlain by relatively impermeable shale. The aquifer is hypothesized to deepen 
northward towards Jackson Lake to approximately 91 to 121 meters near the Teton front, 
and is underlain by volcanic bedrock/unconsolidated deposits of relatively low 
permeability.
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4.3.2 Aquifer Flow Parameters
Transmissivity/hydraulic conductivity values for the alluvial material filling 
Jackson Hole are generally unknown. Cox (1976) described flow properties of geologic 
units in terms of well yields (Table 4.1). Cox (1976) also estimated aquifer transmissivity 
from Blacktail Butte northward for approximately 8 kilometers to be 30,000 ftVday (2,800 
m2/day). Cox derived this transmissivity value by measuring streamflow between 2 points 
on the Snake River during an unspecified period of low discharge, and by assuming a 
water table configuration for the area of interest (see Figure 4.6).
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Streamflow gage points - 
measured gain of 290 cfs
Groundwater flow direction 
Equipotential contour
Transmissivity calculated from Darcy*s Law:
Q = K i A = K (AH/AL) (WxB) 
T = K B 





Q = 290 cfs
W = Combined length of 6600-ft contour between flow lines =11 miles 
i = 70 ft /  mile (average)
T = (290 cfs) (86,400 sec/day) = 30,000 ft2 /  day 
(11 mi) (70 ft/mi)
Figure 4.6 Transmissivity Study by Cox (1976)
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Most drill logs contained information from which specific capacity could be 
calculated (pumping rate, pumping duration, and drawdown in the pumping well). 
Specific capacity for fully penetrating wells pumped at least 24 hours ranged from 0.02 
to 100 gpm/ft (4 -19,250 cfd/ft). Specific capacity for fully- and partially-penetrating 
wells pumped at least 24 hours ranged from 0.02 to 115 gpm/ft (4 - 22,140 cfd/ft). 
McGreevy and Gordon (1964) also performed 24 hour pump test on wells east of Jackson 
Lake and determined specific capacity; 3 wells tested within the study area had specific 
capacities of 0.43, 2.7, and 10 gpm/ft (83, 520, and 1925 cfd/ft).
Specific capacity is approximately proportional to transmissivity, assuming the 
well is 100% efficient (Lohman, 1979). Using specific capacity calculated from drill log 
information to estimate transmissivity of the unconfined alluvial aquifer renders values 
ranging over three orders of magnitude. However, larger values of specific 
capacity/transmissivity compare closely to Cox’s (1976) transmissivity estimate. Values 
of transmissivity were regarded with caution during later modeling efforts since 1) 
reported pumping most likely represents allowable pumping rates, 2) drill log descriptions 
of bedrock boundaries were poor so uncertainty was associated with partial versus full 
penetration classification, and 3) wells were assumed not to be 100% efficient.
Considering the variability of aquifer materials and the uncertainty of aquifer 
geometry, a large range in hydraulic conductivity is probable. The hydraulic conductivity 
of aquifer materials was approximated from Fetter (1980) and from Cox’s transmissivity
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study. Fetter (1980) estimates an average hydraulic conductivity for glacial-type materials 
is approximately 0.3-30 feet/day (10'3 to 101 cm/sec). Using Cox’s (1976) transmissivity 
value of 30,000 ftVday (2,788 m2/day) and assuming the aquifer has an approximate 





The ground-water system associated with the Jackson Hole hydrogeologic 
framework was studied according to Kolm’s (1993) procedure by integrating surface 
analyses results with the hydrogeologic model. In general, the Jackson Hole basinal 
system is conceptualized as ground-water flowing from and through the fractured 
mountain blocks, recharging the valley fill, and discharging within the valley as surface 
flow (rivers, springs, lakes,wells) or through evapotranspiration (Figure 5.1). 
Characterization of this hydrologic concept involved identifying type and distribution of 
recharge and discharge; water table distribution (Kolm, 1993); and ground-water flow 
through subsystems.
5.1 Recharge Type, Distribution, and Amount
Recharge of the ground-water system in Jackson Hole is hypothesized to result 
from 1) infiltration of precipitation, 2) infiltration from streams, 3) infiltration from lakes, 
and 4) ground-water flow from adjacent,bedrock mountain systems (Figures 5.1 and 5.2). 
Vertical flux to the water table by infiltrating precipitation is variable across the valley. 
Infiltration potential is site-specific and dependent on factors such as the amount 
(elevation dependent) and type of precipitation (rainfall, snowfall), slope and aspect 
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Figure 5.1 Conceptual model of the Jackson Hole hydrologic system.
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Figure 5.2 Schematic illustrating geology and hydrologic system model in cross 
section, Jackson Hole, Wyoming.
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(transpiration), and climate variables such as wind (evaporation, sublimation). Climate, 
evapotranspiration, slope and aspect and permeability of surface soils were discussed in 
Chapter 3. In summary, precipitation increases from south (15.4 inches/year (39.1 cm/yr) 
at elevation 6,230 feet (1,899)) to north (22.6 inches/year (57.4 cm/yr) at elevation 6,789 
feet (2,070 m) in the valley bottom and with increasing elevation. The combined effects 
of runoff and evapotranspiration reduced precipitation available to vertical recharge by 
approximately 85-90%. Areas where snowpack is preserved the longest, such as on north- 
facing, wind-protected slopes or depressions, have the greatest vertical recharge potential. 
Finally, infiltration rates are probably large in areas where surface streams disappear over 
surface materials classified as highly permeable (i.e. Potholes area east of Burned Ridge 
moraine).
In view of the many factors that effect vertical flux, it is estimated that 10-15% 
of total annual precipitation in Jackson Hole vertically recharges the aquifer. The volume 
of vertical flux, estimated using ARC/INFO, is approximately 1.3 x 10s m3/day. The 
volume was estimated by linearly distributing precipitation throughout the valley; 
ARC/INFO was used to calculate the total volume of recharge. The linear relationship 
between precipitation rates and elevation, discussed in Section 3.5, is 0.033 inches per 
foot (0.27 cm/m) of elevation gain between Jackson and Moose, and -0.0033 inches per 
foot (-0.027 cm/m) of elevation gain between Moose and Moran. Precipitation on interior 
valley high areas, where there are no rain gages, is estimated to be approximately 24 
inches per year (61 cm/yr) (Young, 1982). These areas include Signal Mountain,
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Blacktail Butte, and Burned Ridge. Precipitation may range from 35 - 60 inches per year 
(90 - 152 cm/yr) on the high mountains surrounding Jackson Hole (Young, 1982).
Recharge from losing reaches of rivers, streams, and irrigation canals contributes 
an unknown volume of water to the ground-water system in Jackson Hole. Base flow 
analyses, discussed in Section 3.4.2 and summarized in Table 3.1, showed that 
Cottonwood Creek lost 50 cfs (1.4 m3/s) to the ground-water system between Jenny Lake 
and the Snake River confluence; the Gros Ventre River lost water (Love, personal comm., 
1994) in the Kelly vicinity; and intermittent streams on the east side of Jackson Hole may 
be losing since they disappear before reaching the Snake River. Possible recharge from 
irrigation canals is expected to minimally impact the basin hydrologic system; no 
irrigation water is transferred trans-basinally, so the volume of water used to irrigate is 
hypothesized to approximately equal return flow (recharge).
Perimeter lakes are also hypothesized to recharge the ground-water system in 
Jackson Hole. Morainal material damming most lakes is continuous with basin fill, and 
the hydraulic head differential between lakes and the water table in the valley fill 
indicates lakes should lose ground water to the valley fill. The volume of recharge 
contributed by losing lakes was approximated using the area of the lake losing water, an 
estimate of the hydraulic conductivity of morainal material damming lakes, and the head 
differential between lakes and the water table (Figure 5.3). Results, summarized in Table 
5.1, show that Leigh, Jenny or Phelps Lake may discharge approximately 1 to 600 ftVday 
(0.3 - 17 m3/day) .
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Horizontal ground-water flux from adjacent mountain systems is hypothesized to 
be significant, however, the actual volume is difficult to calculate. It is believed that 
fractured bedrock, alluvial fans and slope deposits transmit ground water from mountain 
blocks to the alluvial aquifer in Jackson Hole. It was assumed that horizontal flux from 
mountain blocks is greatest in the vicinity of streams since mountain drainages generally 
form along bedrock discontinuities or highly fractured zones.





















Leigh 8,232 2,097 2,090 600 115 0.11
Jenny 4,878 2,068 2,060 820 60 0.06
Phelps 2,043 2,022 2,011 200 155 0.15
Length of lake (one-half to one-third total perimeter length) 
Length of flow path: L = AH2 + HD2 (see Figure 5.3).
Lateral flux was estimated using constant head nodes in MODFLOW to 
represented the elevation of the water table where streams flowed form the mountain 
blocks into the valley. Lateral flux was estimated to be approximately 3000 m3/day by 
the numerical model (Section 6.12).
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5.2 Discharge Type, Distribution, and Amount
Groundwater in Jackson Hole is removed from the aquifer through 1) surface flow 
(gaining rivers, ponds, springs), 2) evapotranspiration, and 3) well pumpage (Figures 5.1 
and 5.2). The intersection of the water table with topography in Jackson Hole produces 
gaining rivers, small lakes and springs. These surface expressions of natural discharge 
occur throughout the valley. Although exact gaining reaches have not been identified, 
baseflow analyses discussed in Chapter 5 indicate the Snake River gains approximately 
900 cfs (25.5 m3/s) between Jackson Lake dam and the southernmost river gage below 
Flat Creek. Unlike perimeter lakes which recharge the basin fill, many small lakes are 
believed to be discharge lakes. The frequency of ponds or small lakes increases 
downstream and towards the Snake River in the southern half of the valley. Ground 
water flux to these small lakes and ponds is dependent on size, water table fluctuations, 
and potential evaporation. It was assumed the ground water lost from small lakes and 
ponds was negligible in comparison to regional flow, therefore, the volume was not 
estimated.
Springs, discussed in Section 3.4.4, discharge up to 10 cfs (0.28 m3/s) (Kelly 
Warm Spring) in the southern half of the valley (Figure 3.7). Warm springs may give 
some local indication that deeper hydrologic systems discharge in is Jackson Hole. Cold 
springs near East and West Gros Ventre Buttes are hypothesized to discharge insignificant 
volumes relative to the basin scale of the study.
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Ground water discharged through evapotranspiration in Jackson valley is 
hypothesized to be significant. Published sources indicate potential evapotranspiration in 
Jackson Hole may reach 35 inches per year (89 cm/yr). A summary of Section 3.6.1, 
which discusses evapotranspiration in detail, is as follows: areas of phreatophytes 
(cottonwoods and willows) and shallow water table conditions were approximated to 
discharge ground water at the maximum rate of 32-35 inches per year (81-90 cm/yr); 
evapotranspiration from areas covered by sagebrush and grassland is estimated to be 15 
inches per year (38 cm/yr); evapotranspiration from areas dominated by lodgepole pine 
and Douglas fir is approximated to be 18.5 inches per year (47 cm/yr); subalpine and 
alpine regions are assumed to have evapotranspiration rates similar to lodgepole/Douglas 
fir areas (18.5 inches/year (47 cm/yr)). The total volume of ground water discharged 
through evapotranspiration was estimated to be approximately 86,000 m3/day by 
MODFLOW (Sections 6.11 and 6.12).
Groundwater is pumped through wells for domestic, municipal and agricultural use 
in Jackson Hole. The total volume discharged by pumping was assumed to approximately 
equal the return flow volume, and thus, was assumed to be inconsequential.
5.3 W ater Table and Flow System
The water table and flow system in Jackson Hole were first estimated by Cox 
(1976) and were published as a 1:250,000 map. The water table and the flow system
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were re-estimated, however, to incorporate more recent data and the hydrologic 
conceptual model developed in this study (Section 5.3.2).
5.3.1 Previous Work
Cox (1976) estimated the water table in Jackson Hole using well, river and spring 
data. Cox’s water table map depicts a head drop of approximately 850 feet (259 m) from 
north to south across the study area, and shows ground water flowing generally from 
north to south and into the Snake River (Figure 5.4). Cox (1976) indicates the depth to 
the water table is approximately 100 feet (30.5 m) north of Blacktail Butte; Lines and 
Glass (1975) indicated groundwater south of Jackson is typically less than 25 feet (7.6 m) 
below the ground surface and is rarely more than 50 feet (15 m) deep.
No discussion of ground-water flow accompanies Cox’s (1976) water table map, 
but it appears Cox visualized one continuous system through the basin and into tributary 
valleys. Cox’s map also seems to indicate that ground water flows directly from Jackson 
Lake southeast to the Snake River.
5.3.2 Revised Flow System and Water Table
After reviewing Cox’s (1976) water table map, the flow system in Jackson valley 
was re-conceptualized as three inter-connected systems. These systems are defined by 
landforms (scarps and moraines), surface water features (lakes, change in river patterns, 
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Figure 5.4 Estimated water table in Jackson Hole by Cox (1976)
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model, the valley aquifer extending from Jackson Lake south to the southern end of the 
valley is hypothesized to have two subsystems; one to the northeast in the topographic 
basin east of Burned Ridge moraine, and one east of East Gros Ventre Butte in the Elk 
Refuge basin (Figure 5.5). Another subsystem is likely east of Blacktail Butte in the 
valley of the Gros Ventre River. Furthermore, Jackson Lake is hypothesized to contribute 
minor volumes of ground water to the basinal hydrologic system in Jackson valley.
The first ground-water subsystem is topographically defined by Burned Ridge 
moraine to the south and west, Signal Mountain to the north, the valleys of Pacific and 
Buffalo Creeks to the northeast, and the foothills of Mount Leidy Highlands to the east 
(Figure 5.5). A ground-water divide, believed to be marked by numerous small lakes 
along the crest of Burned Ridge moraine, divides this subsystem from the main valley 
aquifer from approximately Spalding Bay to the Snake River. It is hypothesized that 
ground water in the subsystem flows predominantly southwest and into the shallow 
alluvial aquifer of Jackson valley through a narrow aquifer section in the vicinity of 
Deadman’s Bar, or rather, through the ancient outlet to "Triangle X lake" (Pierce and 
Good, 1992; Section 4.2.2).
This second ground-water subsystem is located where Flat Creek flows through 
the National Elk Refuge towards the town of Jackson (Figure 5.5). The ground-water 
divide which separates this subsystem from the major valley system is believed to be the 
recent fault scarp between East Gros Ventre Butte and Peterson Springs. This scarp 
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Figure 5.5 Hypothesized ground-water flow system.
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ground-water flow. It is hypothesized that ground water in the Elk Refuge subsystem 
flows predominantly southwest and into the main valley aquifer between Snow King 
Mountain and the southern arm of East Gros Ventre Butte.
The water table distribution in Jackson Hole was re-estimated from surficial 
expressions of the ground-water system such as natural lakes, ponds, springs; vegetation 
(phreatophytes), river baseflow (gaining versus losing river reaches), topography,and water 
levels measured in wells. Wells in Jackson valley are located primarily south of Blacktail 
Butte with a few scattered to the north (Figure 5.6). In general, well data showed that 
the water table was shallow in the southern half of the valley (0-7.6 meters) below the 
ground surface). The water table was estimated to be deeper in the northern half of the 
valley (7.6-30.5 meters), and to mimic topography between points of high and low head 
(i.e. Leigh Lake to the Snake River).
5.3.3 Incorporation of Well Data
Incorporating well data into the water table map was a lengthy process since wells 
were reported using township and range protocol, collar elevations were not reported, and 
water levels were reported as depth below ground surface. To estimate the location of 
wells, the center-point of each quarter - quarter section was calculated and used to 
represent the “average" location of all wells in the quarter - quarter. The elevation of the 
quarter - quarter center-point was estimated in ARC/INFO from DEM data and used to 
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Figure 5.6 Well Distribution, Jackson Hole, Wyoming.
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were averaged and subtracted from the estimated collar elevation (using INFO) to obtain 
the water table elevation.
Well data points were subsequently incorporated with the surface water, vegetation 
and topography data to produce a point coverage in ARC/ENFO. The water table surface 
was derived using an inverse distance weighting function (IDW) which linearly 
interpolated between points to produce a discretized surface. Adjustments to the point 
coverage were iteratively made until the water table satisfactorily conformed to data and 
represented the new conceptual model of the flow system (Figure 5.7). The major 
differences between the new water table map and Cox’s (1976) were 1) the presence of 
the three ground-water divides in the new water table, and 2) the new water table had 
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Figure 5.7 Revised water table, Jackson Hole, Wyo.
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CHAPTER 6
NUMERICAL MODELING BACKGROUND AND SIMULATION OF 
HYDROLOGIC SYSTEM USING MODFLOW AND ARC/INFO
6.1 Numerical Model Theory
In order to quantify the hydrogeologic system, the conceptual model must be 
represented mathematically with respect to space and time. Mathematical models simulate 
ground-water flow, calculate mass balances, and predict head distributions using a set of 
boundary conditions, coupled with flow equations, to solve a governing differential 
equation (Anderson and Woessner, 1992). The mathematical model may simulate steady- 
state (equilibrium) or transient (non-equilibrium) conditions.
The mathematical model maybe solved using analytical or numerical methods. 
Analytical solutions use an analytical equation to solve for an unknown variable at any 
point in the system, thus the solution is continuous. Analytical equations assume specific 
boundary conditions which greatly simplify the hydrologic scenario (i.e. 1-D flow through 
a homogenous, isotropic aquifer). Often the underlying assumptions are too restrictive 
to be applicable to a real hydrologic system. If the analytical method is insufficient, 
numerical methods, which do not calculate a direct solution, may be used to approximate 
the formal solution. Numerical methods accommodate multidimensional, complex
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boundary conditions (i.e. 3-D flow through a heterogenous, anisotropic aquifer) to produce 
a discrete, or non-continuous solution.
Numerical methods generally employ computer codes to solve the algebraic 
equations which approximate the governing differential equation, boundary conditions, and 
initial conditions (Anderson and Woessner, 1992). Finite-difference, one type of 
numerical method, is commonly used in ground-water problems and was used in this 
study. Finite difference represents a continuous system through a finite set of discrete 
points in space and time and replaces the partial differential equations with values derived 
from the differences in head at these points (McDonald and Harbaugh,1988).
6.1.1 Numerical Model Selection
The modular three-dimensional finite-difference code, MODFLOW, developed by 
McDonald and Harbaugh (1988) was the computer code used to build and solve the finite- 
difference model for this study. MODFLOW was selected because the computer code is 
public domain, the code is widely accepted and has been validated, and the finite- 
difference structure is compatible with raster output from ARC/INFO.
6.1.2 MODFLOW Description
MODFLOW’s governing partial differential equation describes three-dimensional 
ground-water flow through heterogeneous, anisotropic porous media with respect to the 
continuity equation and time. MODFLOW’s governing equation is as follows:
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where
Kxx, Kyy, and are values of hydraulic conductivity along the x, y, and z
coordinate axes, which are assumed to be parallel to the 
major axis of hydraulic conductivity (Lf1)
h is the potentiometric head (L)
W is a volumetric flux per unit volume and represents sources and/or sinks
of water (f1)
Ss is the specific storage of the porous material (L 1)
t is time (t).
Cell flow between nodes is calculated using Darcy’s Law so ground-water flow 
is strictly perpendicular to the cell face. To simulate 2-D flow through a one-layer, 
unconfined system, MODFLOW requires that the following parameters be defined: 1) 
time (steady-state or transient), 2) grid dimensions, 3) boundary conditions (no flow, 
variable or constant head, variable or constant flux), 4) saturated thickness (input as 
elevations for starting heads and bottom of aquifer), 5) hydraulic conductivity, and 6) the 
technique used to solve the differential equations. Other variables and stresses can be 
simulated using independent modules provided to the user (i.e. recharge, wells, 
evapotranspiration). Typical MODFLOW output includes predicted heads, drawdowns, 
cell-flow from constant head, well, or river nodes, a volumetric and rate mass balance
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(Elnputs - ^Outputs = Change in storage), and a discrepancy/error factor pertaining to 
the mass balance.
6.2 Model Design
Figure 6.1 is a simple cartoon depicting the major features represented in the 
MODFLOW model of the Jackson Hole hydrologic system. The unconfined alluvial 
aquifer, discussed in detail in Chapters 4 and 5, was simulated as a single two- 
dimensional layer. The cartoon shows lateral flux entering the aquifer (represented as 
block) at discrete points (tributary valleys); no ground water enters the aquifer between 
these points or through the bottom. Water moves vertically in and out of the top of the 
block representing recharge from precipitation and discharge form evapotranspiration. 
Two rivers flow across the block representing the Snake and Gros Ventre Rivers. The 
block has no vertical variation in materials and the water table represents steady state 
conditions. The construction of each of these features is discussed below.
6.2.1 Steady State Simulation
The MODFLOW model simulated steady state conditions as specified by the study 
scope. Steady state simulations were appropriate since the data used in the model 
generally represented equilibrium conditions. For instance, climate and river gage data 
were measured in Jackson Hole for nearly 100 years (Figure 6.2). Non-measured data, 











Figure 6.1 Cartoon of major features of Jackson Hole hydrologic system represented 
in MODFLOW model.
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conditions. Furthermore, no data were gathered, such as pump test or head data, that 
could be used to calibrate transient hydrologic conditions.
Point-source data from a pre-development time period in Jackson Hole were used 
for characterization and model development. Analysis of Jackson Hole’s point-source 
data revealed that the 20 year period from 1964 to 1984 had the best simultaneous data 
coverage and the greatest number of records. Evaporation data was the exception (1956- 
1970), but it was assumed that the average evaporation for periods longer than 10 years 
changes little with time (Fransworth et al., 1982). Thus, point-source data from 1964 - 
1984 were used to simulate steady state conditions. Data outside the 20 year envelope 
were used if no other information was available for a given analysis.
6.2.2 Aquifer Representation in MODFLOW
ARC/INFO was used to construct the input array representing the aquifer and its 
boundary conditions. First, a coverage of the model area was developed by reclassifying 
the geology into two categories; bedrock and unconsolidated materials (Figure 6.3). The 
bedrock versus alluvium coverage was displayed with topographic contours (also 
generated in ARC/INFO from the DEM data) to determine where areas of alluvium 
coincided with the basin’s break-in-slope. The model/aquifer boundary was terminated 
at the valley break-in-slope since 1) alluvium mantling foothills was considered extremely 
thin relative to the basin fill, and 2) modeling rapidly changing parameters (i.e. large head 
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the aquifer and the numerical model area thus incorporated the gently-sloping valley 
bottom extending to the break-in-slope.
6.2.3 Model Grid
Since original data sets were obtained in various formats and scales, determination 
of the minimum level of accuracy attainable from the raw data was necessary prior to grid 
construction. Datum resolution during the analysis referred to the smallest ground feature 
(areal extent) represented on a computer image or map, or how closely a ground feature 
could be located using a map.
First, it was assumed that datum resolution did not exceed the resolution of the 
input device, or the digitizer. The IBM 5084 digitizer used in the study divides an inch 
of digitizer surface into 1000 points. It was also assumed the smallest distance a person 
could digitize was approximately 0.002 inches (0.005 cm) so digitizer resolution was 
approximately 0.005 cm (ESRI f, 1992).
Datum resolution was determined using the digitizer resolution and the scale of 
the input maps. For example, if the minimum distance captured by a digitizer was 0.002 
inches (0.005 cm), and the scale of the map being digitized was 1:24,000 (1 inch equals 
2000 feet), the minimum ground distance the computer represented was 4 feet (.002 
inches x 1 inch/2000 feet) or 1.2 meters. Table 6.1 summarizes resolution of primary 
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Figure 6.3 Alluvium versus bedrock, Jackson Hole, Wyo.
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the model grid cells needed to be at least 244 meters on a side to exceed the minimum 
level of data accuracy.
Table 6.1 Resolution of primary data.
Data Set Data Scale Resolution (meters)
Cross Section 1 : 7,200 0.4




1 : 24,000 1.2
Vegetation 1 : 150,000 7.6
Geology 1 : 250,000 13
Evapotranspiration 1 : 4,800,000 244
ARC/INFO was used to optimally construct a grid using results of the resolution 
analysis. To accomplish this, river and lake coverages were overlaid on the aquifer model 
area coverage. Fishnets, ARC/INFO’s graphical representation of grids, were generated 
at various sizes and orientations and overlaid on the surface water/model area coverages. 
The fishnets were visually inspected to determine the optimum grid spacing and 
orientation necessary to capture the desired level of model detail. No data were available 
to determine possible directions of high transmissivity, so the grid was oriented parallel 
to the primary axis of the Snake River. Aligning grid and river axes allowed the river 
to be represented with fewer cells. Inspection of numerous fishnets revealed that a 500
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meter by 500 meter grid spacing oriented at N25°E adequately captured the desired model 
details (Figure 6.4).
Using ARC/INFO to construct the model grid imposed two limitations. First, 
ARC/INFO produced regularly spaced grids only, so the model grid was regularly spaced. 
Second, ARC/INFO could only grid (or rasterize) data in vertical and/or horizontal 
orientations. To achieve the desired N25°E grid orientation, ARC/INFO vector coverages 
were rotated 25° towards the northwest prior to discretization. Coverages were rotated 
back to their proper real-world orientation to display final numerical model results.
6.2.4 Boundary Conditions
Constant-head and no-flow boundary conditions were assigned in the MODFLOW 
model using an ARC/INFO "on-screen" array editing technique described in Section 2.8. 
Recharge lakes, such as Jackson, Jenny Lake or Leigh Lake, were represented as constant 
head boundaries with water levels equal to lake elevations published on respective 7.5 
minute USGS topographic quadrangles (Figure 6.5). Lateral ground-water flux into the 
valley was also represented by constant head nodes. Although specified-flux nodes would 
best represent lateral flux, constant head nodes were assigned since the elevation of the 
ground-water table could more accurately be determined than the flux values. These 
constant head nodes were located along the valley perimeter where tributary streams 
flowed from mountain blocks into the valley. The water table elevation of these nodes 
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Figure 6.4 MODFLOW model grid.
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Figure 6.5 MODFLOW boundary conditions.
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valley was represented by constant-head nodes equal to the river stage elevation of the 
Snake River in this vicinity. Remaining perimeter nodes (those not assigned a constant 
head value) were designated as a no flow cells.
6.2.5 Bottom of Aquifer
The bottom of the shallow alluvial aquifer was derived by estimating the aquifer 
thickness and subtracting it from topography. Aquifer thickness, discussed in Section 
4.3.1, was interpolated and extrapolated in ARC/INFO from Cox’s (1976) thickness of 
saturated alluvium map, published cross-sections of Quaternary deposits, and drill logs. 
The resulting point coverage essentially represented a revised version of Cox’s (1976) 
thickness of saturated alluvium.
ARC/INFO’S inverse distance weighting function (IDW) was used to linearly 
distribute between points on the aquifer thickness coverage to produce a grid at the 
specified grid interval (500 m x 500 m). The resultant aquifer thickness grid was 
subtracted from a smoothed topography grid to attain the elevation of the bottom of the 
aquifer (Figure 6.6). The topography grid was first smoothed so the bottom of aquifer 
grid would reflect the regional trend of the valley rather than topographic nuances.
Iterative checking and revising of the bottom of aquifer grid was necessary since 
some cells had resultant thicknesses of less than 0.3 meters. The small thicknesses 
resulted from discretization of areas where thickness trended towards 0 meters (i.e. 
boundary between bedrock and alluvium). Conditional statement functionality, available
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Figure 6.6 Bottom of aquifer.
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through ARC/INFO*s GRID package, was utilized to identify and correct these problem 
cells until a minimum aquifer thickness of 15.2 meters was attained throughout the model 
area. The edited surface/grid was re-smoothed and checked again for the minimum 
thickness requirement. Grids were also checked against topography since smoothing, 
which removes peaks and valleys in surfaces, sometimes locally raised the bottom of the 
aquifer above topography, especially in the vicinity of rivers. Some examples of 
conditional statements used for this type of checking are as follows:
GRID> Gridl = Topo - Bottom
•  In ARC/INFO GRID, create Gridl by subtracting the grid containing bottom of 
aquifer elevations from the topography grid.
GRID> Grid2 = CON(Gridl < 50, 50,Gridl)
•  In ARC/INFO GRID, where Gridl has thickness values < 15.2 meters, change the 
cell value to the minimum of 15.2 meters, otherwise, output the cell value.
GRID> Grid3 = RESAMPLE(Grid2, 2500,bilinear)
GRID> Grid4 = RESAMPLE(Grid3,500,bilinear)
•  Smooth the edited bottom of aquifer by interpolating to larger grid cells, then back 
to the original size (500 meters); Grid 4 is the edited and smoothed bottom of 
aquifer.
GRID> Grid5 = Topo - Grid4
•  Can repeat the loop or can display the problem cells as follows:
GRID> Grid6 = CON(Grid5 < 0,1,0)
•  Subtract the new bottom of aquifer grid from topography; if any values are 
negative, it means the cell is above topography and will be displayed as color "1", 




The hydraulic conductivity of aquifer materials was approximated from published 
sources discussed in Section 4.3.2. To summarize, an average hydraulic conductivity for 
glacial-type materials was estimated to range from approximately lO'MO'2 cm/sec (Fetter, 
1980), or possible as high as 7xl0*2 cm/sec (Cox, 1976).
The Jackson Hole aquifer was modeled as having no vertical variability in 
hydraulic conductivity. Hydraulic conductivity was distributed laterally, however, using 
the ARC/INFO soils coverage and the values from the preceding paragraph. It was 
assumed the hydraulic conductivity of subsurface aquifer materials mimicked the 
infiltration properties of surface deposits. For example, aquifer areas overlain by soils of 
high infiltration capacity were assigned a starting hydraulic conductivity of 30 meters/day; 
aquifer areas overlain by soils of very slow infiltration capacity were assigned a hydraulic 
conductivity of 0.3 meters/day. These initial values, along with Cox’s (1976) 
transmissivity value, were tested and changed as modeling progressed. The final values 
used for hydraulic conductivity are presented in Figure 6.7. These values are within 
approximately one order of magnitude of the estimated hydraulic conductivity values.
6.2.7 Starting Heads
Starting heads assigned to the MODFLOW model were derived from the water 
table map discussed in Section 5.3.2. As mentioned, the water table map, constructed 
from Cox’s (1976) regional water table map, well data, river and lake elevations,
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Figure 6.7 Hydraulic conductivity distribution.
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topography, and vegetation, represents the investigator’s best estimate of the water table 
distribution in Jackson Hole (Figure 5.7). The calibration water table map was 
intentionally used to reduce the possibility of numerical errors that can result from using 
starting heads too far from reality.
6.3 Model Stresses
Once the basic framework of the model was constructed, stresses representing the 
river, recharge and evapotranspiration were simulated to more accurately represent the 
hydrologic system in Jackson Hole. Development of these parameters in MODFLOW is 
discussed below.
6.3.1 River Representation
The Snake and Gros Ventre Rivers were simulated in the numerical model using 
MODFLOW’s river package (original version). The strategy was to run the numerical 
model using major drainages first; if the model calibrated it would be assumed smaller 
rivers and streams were minor components of the hydrologic system and did not need to 
be simulated.
Tedious MODFLOW river package construction was somewhat expedited by 
ARC/INFO. ARC/INFO was used to 1) visualize which model grid cells best represented 
the Snake and Gros Ventre River geometry, 2) locate the row and column locations of 
river nodes, and 3) estimate the river stage elevation.
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MODFLOW’S river package also required river depth and river bed conductance 
information. Since no information of this nature was available, the Snake River was 
assumed to be 3 meters deep through channeled reaches and 0.5 meters deep in braided 
sections from Jackson Lake dam to the confluence with the Gros Ventre River. The 
Snake was assumed to be slightly deeper south of the confluence; 3.7 meters deep through 
channeled reaches and 2.4 meters deep through braided reaches. The Gros Ventre River 
was estimated to be 2.1 meters deep through channeled reaches and 1.5 meters deep 
through braided reaches. Conductance of both river beds was approximated to be one 
third the conductance of adjacent aquifer material.
6.3.2 Recharge
Sources of recharge to the ground-water system in Jackson Hole were identified 
in Section 5.1 as infiltration from streams, infiltration from lakes, ground-water flow from 
adjacent mountain systems, and infiltrating precipitation. These recharge sources were 
simulated in MODFLOW using the river package (Section 6.3.1), constant head nodes 
(Section 6.2.4), and the recharge package.
To simulate vertical recharge in MODFLOW, precipitation rates discussed in 
Section 5.1, were distributed in ARC/INFO by remapping the DEM grid (elevation 
ranges) according to the elevation-precipitation relationship (Figure 6.8). Precipitation 
distribution was extrapolated for model areas where elevation was higher than the rain 
gages. High elevation areas within the interior of the valley, such as Signal Mountain or
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Blacktail Butte, were assumed not to experience significant orographic effects and were 
capped at a maximum precipitation rate of 24 inches per year (61 cm/yr) (Young, 1982). 
To the contrary, it was assumed that model areas adjacent to high mountains, such as the 
Teton front, did experience orographic effects, so precipitation was increased to 35 
inches per year (89 cm/yr) (see Table 6.2).
The net vertical recharge was assigned in MODFLOW by taking a percentage of 
total precipitation across the study area. Net vertical recharge, discussed in Section 5.1, 
was estimated to range between 10%-15% of total precipitation. Percentage values within 
the specified range were tested in MODFLOW. Best numerical model results were 
attained using recharge equal to 15% of total precipitation.
6.3.3 Evapotranspiration
Evapotranspiration (ET), such as that occurring in the floodplain forest region of 
the Snake River, was simulated in MODFLOW using the ET module. The ET module 
does not simulate water infiltrating vertically through the unsaturated zone (Figure 6.9a). 
Recall, ET effecting vertical infiltration was accounted for by decreasing precipitation 
85% (Section 5.1). The MODFLOW ET module does simulate water being discharged 
by phreatophytes and evaporation from the capillary zone using a root extinction depth 
(Figure 6.9b). MODFLOW requires that evapotranspiration rate decreases linearly with 
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Figure 6.9 Comparison of evapotranspiration affecting vertical recharge and 
MODFLOW evapotranspiration.
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Table 6.2 Precipitation interpretation.
Summary of Precipitation Data by Elevation
Station Total Elevation Elevation ^Precipitation
Precipitation Change - r
Average AElevation
in/yr (cm/yr) (m) (m) in/ft (cm/m)
Jackson 15.69 (39.9) 1,899 73.2 0.033 (0.27)
Moose 23.62 (60.0) 1,972
Moran 22.55 (57.3) 2,070 97.3 -0.0033 (-0.027)








Jackson 1,890 - 1,920 6,201 - 6,300 16.1 (40.9)
1,920 - 1,950 6,300 - 6,398 20.1 (51.1)
Moose 1,950 - 1,980 6,398 - 6,496 24.1 (61.2)
1,980 - 2,010 6,496 - 6,595 23.7 (60.2)
2,010 - 2,040 6,595 - 6,693 23.4 (59.4)
Moran 2,040 - 2,070 6,693 - 6,792 23.0 (58.4)
Signal Mm. 2,070 - 2,225 6,792 - 7,300 24.0 (61.0) Assumes no orographic 
effect
Teton Front 2,070 - 2,225 6,792 - 7,300 35.0 (88.9) Assumes no orographic 
effect
MODFLOW requires a maximum ET surface, extinction depth and ET rates to be 
specified in the numerical model. As mentioned, maximum ET was assumed to occur at 
the ground surface so the DEM grid was used for this input array. Extinction depth for
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specific plant communities was unknown so a conservative depth of 3 meters was used. 
ET rates, discussed in Section 4.7, were assigned as attributes to the ARC/INFO 
vegetation coverage. This effectively distributed ET according to vegetation throughout 
the model area (Figure 6.10). The coverage was discretized in ARC/INFO (POLYGRID) 
using the ET rates as grid values and imported into MODFLOW.
6.4 Model Calibration and Mass Balance
Calibration of the Jackson Hole MODFLOW model was guided by the conceptual 
model and general numerical guidelines. Conceptual criteria used to calibrate the model 
were as follows:
1) Model results had to conform to the overall conceptual model; ground­
water had to flow from recharge to discharge areas discussed in chapter 5 
(Figure 5.1).
2) Model heads had to closely mimic the calibration water table map south 
of the town of Jackson where well data was abundant; model heads had to 
approximately mimic the water table map north of Jackson where well data 
was scarce and indirect sources of head (i.e. surface water, vegetation, 
topography) were used to derive the water table map; Jackson Lake was 
expected to gain/lose small volumes relative to other lakes.
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Figure 6.10 Evapotranspiration distribution, Jackson Hole, Wyo.
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3) Constant heads representing recharge lakes or lateral flux had to lose 
ground water (recharge) the valley aquifer, constant head nodes at the 
south end of Jackson valley had to gain water since this was considered 
a discharge area.
4) The Snake River was expected to gain for most of its length; the Gros 
Ventre River was expected to lose water in its upper reaches.
Numerical guidelines developed to guide calibration efforts were broad and 
represented parameter extremes. Numerical guidelines were used as a quality check of 
model performance, or to assure the model was running "sensibly". The numerical ranges 
were as follows:
1) Recharge into the model using the input precipitation distribution could not 
exceed a maximum of 1.3 x 10s m3/d; this calculation assumes 15% of 
total rainfall infiltrated to recharge the water table.
2) Evapotranspiration out of the model could not exceed 7.30 x 105 m/d; this 
calculation assumed regions of phreatophytes were 100% dense and 
transpiring at the estimated ET rate of 32 inches per year (81 cm/yr); ET
was expected to vary, possibly significantly, since the extent of area where 
the water table was shallow (<3 meters below the ground surface) and the 
density of vegetation were unknown.
Modeled baseflow was expected to range between the lowest (3.10 x 106 
m3/day in January) and the highest (3 x 107 m3/day in June) recorded flow 
(1976-1991) at the southern most gage on the Snake River; this criteria 
was liberal since it implied 100% of the gaged river flow was baseflow.
Flux from constant head nodes representing recharge lakes were expected 
to be the same order of magnitude as volumes estimated and summarized 
in Table 5.1:
Discharge from Leigh Lake = 115 m3/day 
Discharge from Jenny Lake = 60 m3/day 
Discharge from Phelps Lake = 155 m3/day
Modeled heads were to be within ±3 meters of the calibration water table 
map. The 3 meters deviation was derived by taking 10% of the average 
saturated thickness (30.5 meters). Obviously if this criteria was distributed 
spatially, the allowable deviation would fluctuate as saturated thickness 
changed from area to area in the model.
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An iterative MODFLOW to ARC/INFO method was used to inspect model output 
during calibration. Numerous model runs and adjustments to model input parameters 
were made during the calibration process. Modeling efforts ceased when output 
conformed to calibration guidelines. Results that contributed to an understanding of the 
numerical model and the hydrologic system are discussed below.
6.4.1 Comparison of the MODFLOW and Water Table Maps
Figure 6.11 displays the water table predicted by MODFLOW. The flow 
system/water table predicted by MODFLOW supports the conceptual model in the 
following respects:
1) Ground water flows generally southward through the valley and towards 
the Snake River;
2) Leigh, Jenny and Phelps lakes recharge the valley fill; Jackson Lake gains 
ground water;
3) Ground water flows away from a ground-water divide on Burned Ridge;
4) The Snake River gains throughout most of the model; the river gains less 
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Figure 6.11 Simulated water table, Jackson Hole, Wyoming.
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table is shallow; the Gros Ventre River loses slightly in its upper reaches;
5) The head gradient is steeper on the west side of the valley than on the east 
side of the valley indicating greater lateral flux from the Teton Mountains;
6) Depth to the water table is generally very close to calibration heads (see 
next discussion).
MODFLOW predicted heads (Figure 6.11) were examined by subtracting the 
modeled heads from the calibration water table. Figure 6.12 shows the average difference 
between modeled heads and calibration heads was 0.5 meters with a standard deviation 
of 7.1 meters; the maximum difference between modeled heads and calibration heads was
37.5 meters in one node; the minimum difference was -24.5 meters in one node. Residual 
differences were approximately evenly distributed about the "zero line". The distribution 
of these residuals is presented in Figure 6.13.
A second check compared modeled heads to topography (Figure 6.14). The 
average difference between topography and modeled heads was 16.4 meters with a 
standard deviation of 20.5 meters. The distribution of topography minus modeled heads 
was favorably skewed with considerably fewer nodes having head values above 
topography. The distribution of modeled heads versus topography shows that most heads 
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(Figure 6.15). Heads are also above topography in the southern end of the model where 
the flow system is discharging, the water table is shallow, and numerous drainages 
confluence. Modeled heads above topography on the northeast side of Blacktail Butte and 
just south of this butte seem to reflect ground water collecting along barriers or in 
topographic lows. Rectifying these types of errors proved difficult since large regions of 
cells had to be modified, rather than specific erroneous cells.
6.4.2 MODFLOW Mass Balance
Estimates of hydrologic parameters (section 6.4) and steady state volumetric 
budget results from the MODFLOW numerical model are summarized in Table 6.3. 
Vertical recharge to the modeled hydrologic system from infiltration of precipitation and 
was 128,650 m3/d and agreed with the estimated recharge. Recall this value represented 
15% of total precipitation recharging the shallow aquifer in Jackson Hole. Other volumes 
of vertical recharge (9%-18% of precipitation ) were tested in the model with less 
satisfactory results. Taking one percentage less of precipitation (14%) caused large areas 
of model nodes to go dry. Values higher than 15% were considered less likely since 
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Storage 0 0 0 0
Constant Head 25,474 11,346 330+ 0
Recharge 128,650 0 130,000 0
Evapotranspiration 0 85,728 0 730,000
River Leakage 13,695 70,692 0 3,100,000
TOTAL IN: 167,820 167,770
In - Out 56.391 
% Discrepancy 0.03
MODFLOW predicted 86,000 m3/d of ground water was discharged from the 
modeled hydrologic system through evapotranspiration. This was an order of magnitude 
less than estimated. Evapotranspiration, however, was estimated using a maximum rate 
of 35 inches per year. When maximum evapotranspiration rates were tested in the model, 
unsatisfactory heads distributions resulted. Recall, the maximum evapotranspiration rate 
was estimated to be 35 inches per year (89 cm/yr), of which 7 inches (17.8 cm) occurred 
during winter months according to Fransworth and Peck (1982) [see Section 4.7]. Best 
results were obtained using a maximum evapotranspiration rate of 25 inches per year 
(63.5 cm/yr), or a rate 7 inches per year (17.8 cm/yr) lower than estimated. This result 
may indicate that 1) vegetation is less dense than presumed, 2) the extinction zone (3
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meters) is deeper than modeled, 3) cottonwoods and willows transpire very little during 
winter months, and/or 4) shallow water table regions evapotranspire very little during 
winter months when the surface is frozen.
River leakage predicted by the numerical model indicated the shallow aquifer lost 
a net volume of 57,000 m3/d to the modeled rivers. River output indicated most ground­
water loss occurred along the Snake River. The model estimate of river gain was two 
orders of magnitude less than the conceptual model estimate of 3,100,000 m3/day used 
as the calibration criteria. This result was satisfactory since the criterion was based on 
total river flow (measured in January) and was only an estimate of baseflow.
Lateral flux into the model, represented by constant head nodes, was 25,474 
m3/day; lateral flux out of the model was 11,346 m3/day. The MODFLOW prediction 
appears to be two orders of magnitude greater than estimated, but the constant head 
estimate in Table 6.3 only accounts for flux from Leigh, Jenny and Phelps Lakes. Recall, 
lateral flux at points where tributary valleys joined the main aquifer were also represented 
by constant head nodes since the flux was unknown at these points. Inspection of 
constant heads representing recharge lakes revealed: 1) Leigh Lake lost 1600 m3/day to 
the shallow aquifer (115 m3/day estimated), 2) Jenny Lake, which gained ground water 
near String Lake and lost ground water towards the southern end, gained of 1025 m3/day 
overall (60 m3/day estimated), and 3) Phelps Lake lost 7000 m3/day (155 m3/day 
estimated) to the shallow aquifer. These results may indicate that 1) assumptions used 
to estimate flux from recharge lakes were not representative, or 2) this boundary in the
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numerical model was not representative. Jackson Lake gained 7,730 m3/day along the 
entire southern perimeter. Perimeter flux (constant head) nodes, other than recharge lakes, 
gained and lost water to the hydrologic system. Gaining perimeter nodes were 
considered erroneous, but the volume of water lost from these nodes was small relative 
to total lateral flux across the model boundaries (14% of total flux lost).
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CHAPTER 7
EVALUATION OF GIS AND RECOMMENDATIONS
7.1 Introduction
ARC/INFO GIS technology was used in the evaluation of the Jackson Hole 
hydrologic system to integrate, visualize, interpret and convert large amounts of disparate 
data to useful formats. ARC/INFO was also used as a pre- and post-processor to finite- 
difference numerical modeling. The evaluation of ARC/INFO, therefore, considers 1) 
data management, 2) data import and export capabilities (CAD to ARC/INFO, ARC/INFO 
to MODFLOW), 3) data translation (vector to raster format), 4) data visualization, and
5) data analysis. The evaluation also considers the ease of learning and using ARC/INFO 
in general.
7.2 Data Integration and Management
Efficient data management and integration were vital to the assessment of the 
hydrologic system in Jackson Hole since the database was large and raw data were 
acquired in disparate formats and scales. Construction of the hydrologic database 
consumed nearly one third to one half of the total project time. All acquired data, with 
the exception of topography, had to be converted to digital format. During database 
construction, it became apparent that digitizing and CAD-type exercises were more easily 
executed outside the ARC/INFO environment. ARCEDIT, ARC/INFO’s CAD-like
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package, was a laborious drafting tool relative to other available products, such as 
AutoCAD, and therefore was not used.
Once digital data resided in the ARC/INFO GIS, integration and management of 
the data was relatively efficient. INFO offered full database functionality; INFO functions 
could also be executed graphically through ARCEDIT which greatly aided attribution of 
the spatial data pertaining to Jackson Hole. Unit and reference system conversions were 
also executed easily in ARC/INFO.
7.3 Data Import and Export Capabilities
Data in the Jackson Hole study were converted from AutoCAD DXF, ARC/INFO 
export, and ASCII x,y,z formats. Data movement to and from ARC/INFO was generally 
excellent. The translators provided by ARC/INFO converted numerous formats making 
movement between platforms efficient.
Data were exported as ASCII array files to the MODFLOW model. Movement of 
the data between MODFLOW and ARC/INFO was relatively easy, and only minor 
modifications were necessary to input the ARC/INFO arrays to MODFLOW. The array 
output was difficult to discern, however, in a text editor environment, however, since 
ARCANFO outputs arrays in wrapped line-format. Consequently, utility codes were 
developed to convert arrays to a more "user-friendly" format.
Data were also exported from ARC/INFO in encapsulated postscript format to 
obtain hard-copy output. The conversion of ARCANFO graphical files to postscript files
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was simple, however, the development of graphical files was NOT. Developing graphical 
files through Arc Macro Language and ARCPLOT procedures is exceedingly laborious. 
As a result, hard-copy output was generally acquired through screen dumps to a color 
printer.
7.4 Data Visualization
The excellent visualization capabilities of ARC/INFO significantly enhanced 
surface and subsurface characterization, data analysis and numerical modeling of the 
Jackson Hole hydrologic system. Multiple maps could be overlaid and displayed using 
color schemes to enhance or contrast relationships between environmental variables. 
Point-source, contour and polygon data could be displayed together, and access or display 
of respective attribute information was simple. Hill shading functions produced excellent 
terrain images which greatly aided surface and subsurface analyses.
7.5 Data Translation
The conversion of data from vector to raster format was required to use 
ARC/INFO as a pre- and post-processor to MODFLOW. The ease of data translation 
generally depended on the type of coverage being converted. For example, the function 
used to convert polygon coverages to discrete format (POLYGRID) worked efficiently 
since no interpolation of data was necessary to attribute grid cells. The process was more 
circuitous when converting point and arc coverages. The functions provided for
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discretization (POINTGRID, ARCGRID) had no algorithm to populate cells void of points 
or lines. Consequently, more labor intensive methods were necessary to interpolated 
between arc or point features and to create properly attributed grids.
Rasterization of coverages was also limited to vertical and horizontal orientations. 
This was a hinderance since modeling real world systems generally requires model grids 
to be oriented to a hydraulic feature (i.e. transmissivity vector); hydrologic parameters are 
seldom oriented north-south or east-west as was the case in Jackson Hole. While a work­
around method was derived, the gridding limitation caused considerable time delays.
7.6 Data Analysis
Data was continually analyzed in ARC/INFO during the assessment of the Jackson 
Hole hydrologic system. The analytical functions provided by ARC/INFO were generally 
powerful. Mathematical functions available in GRID were especially useful for 
quantifying and distributing hydrologic parameters during numerical model development. 
The GRID conditional statements were used extensively to assess MODFLOW input and 
output. Remap tables were also used successfully to distribute related parameters (i.e. 
topography and precipitation; vegetation and evapotranspiration).
The linear interpolation algorithm, provided by ARC/INFO for contouring grid 
data, was satisfactory for this study. The "slice" method of contouring data was also 
found to be useful for visualizing grid data.
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7.7 Simplicity of Use
The ease of using any software package is user dependent and quite subjective. 
The evaluation of ARC/INFO’s "user-friendliness" is premised by mentioning that prior 
to this study, the investigator had moderate to extensive experience using DOS, 
MODFLOW, CAD packages, text editors, contouring packages and spreadsheets.
All packages provided by ARC/INFO were used to execute the study, as well as 
UNIX text editors. ARC/INFO proficiency was linked to learning the UNIX operating 
system, which complicated the task of acquiring ARC/INFO skills. Overall, the 
investigator felt that skills necessary to import, edit and attribute data in ARC/INFO were 
easily acquired. Documentation provided by ARC/INFO was helpful during training 
phases and throughout the study. Execution of tasks specific to the hydrologic study of 
Jackson Hole often took considerably more research time, however. Technical support 
from other ARC/INFO users was often necessary to solve the hydrologically-oriented 
problems in a timely manner.
7.8 Recommendations
Overall, using ARC/INFO GIS technology to develop conceptual models and to 
support numerical modeling of the hydrologic system of Jackson Hole was considered 
successful. The following recommendations are provided based on experience gained 
from the study. First, it is recommended that this method be applied to long-term projects 
so the cost of database construction will be offset by long-term use. Second, if the
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investigator is an inexperienced ARC/INFO or UNIX user, adequate training time and 
technical support should be allocated to assure the project progresses at a reasonable pace. 
Third, if hard copy output is required from the study, adequate time should be scheduled 




The hydrologic system of Jackson Hole basin was conceptualized and 
characterized using a procedure advocated by Kolm (1993), the ARC/INFO Geographic 
Information System (GIS) for data management and analysis, and MODFLOW 
(McDonald and Harbaugh, 1988), a finite difference numerical model. Data used in the 
study was derived from published sources and found to be adequate for developing a 
simplified 2-dimensional, steady state numerical model of the hydrologic system.
8.1 Surface Characterization
The systematic approach advocated by Kolm (1993) was used to evaluate the 
hydrologic system of Jackson Hole. Analyses were performed using terrain, surface 
water, climate, vegetation, and soils data. In general, the study area was viewed as two 
distinct, yet interrelated environmental systems, the surrounding mountain blocks and the 
interior valley. Flow systems in the mountains are comprised of numerous, high-gradient 
local aquifer/flow systems; flow systems in the valley bottom are continuous and 
comprise a low gradient system. High ground-water gradients are expected along the 
basin margins, and around some of the major rivers.
The surface water hydrology in the study area consists of the Snake and Gros 
Ventre Rivers as primary drainages, and numerous tributaries, springs and lakes. River
ER-4348 148
gage data revealed the Snake River gains approximately 880 cubic feet per second (25 
m3/s) as it flows southward through the valley; the locations of exact gaining and losing 
reaches could not be identified with the available data.
A 48 year record (1936 to 1984) for three rain gages in Jackson Hole revealed 
mean annual precipitation for the town of Jackson is 15.85 inches per year (40.3 cm/yr), 
with 24.17 inches per year (61.4 cm/yr) at Moose, and 23.22 inches per year at Moran 
(59 cm/yr). Precipitation increases northward approximately 0.033 inches/foot (0.27 
cm/m) of elevation gain between Jackson and Moose, and decreases slighdy, .0033 
inches/foot (0.027 cm/m), between Moose and Moran, Wyoming. The high mountains 
surrounding Jackson Hole may receive more than 60 inches (152 cm) of precipitation per 
year with snow depths exceeding 12 feet (3.7 m) (Young, 1982). Long-term climate 
patterns may indicate Jackson Hole experienced moisture deficit from 1915 to 1980 in the 
northern- and southern-most parts of the basin.
Vegetation in the study area is predominantly subalpine and alpine forest (spruce, 
lodgepole pine and Douglas fir), with sagebrush and grasslands covering much of the 
valley floor, and a floodplain forest of cottonwoods and willows found along most of the 
streams. Subalpine and alpine forest may indicate recharge areas, and floodplain forest 
may indicate discharge areas. Sagebrush may grow in the recharge-discharge transitional 
zone. Sagebrush may also indicate surface materials are well drained.
Evapotranspiration in Jackson Hole was estimated using relationships between 
precipitation, elevation, and vegetation. It was estimated that evapotranspiration in
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sagebrush and grassland areas was 15 inches per year (38 cm/yr); evapotranspiration in 
subalpine and alpine forest areas was 18.5 inches per year (47 cm/yr); and floodplains 
covered by riparian vegetation were estimated to evapotranspire 32 inches per year (81 
cm/yr). Water and bare soil were assumed to evapotranspire a maximum rate of 35 
inches per year (89 cm/yr).
Soils in Jackson Hole were grouped according to infiltration properties. The 
majority of the study area is characterized by moderately-drained soils. Areas of high 
infiltration occur east of Burned Ridge moraine in the Potholes region. Slow draining 
soils typify the floodplains of the Snake River, while very slow draining soils are found 
in swampy areas, such as the Elk Refuge.
Cultural data regarding well pumping, irrigation, and dam releases were 
extremely limited. Cultural effects were assumed to be negligible relative to the regional 
scale of the model.
8.2 Hydrogeologic Framework Model
Mountain ranges surrounding Jackson Hole are composed of sedimentary, igneous 
and metamorphic rocks that range in age from Precambrian to Quaternary. Quaternary 
glaciation produced modem valley landforms, scoured the basin floor, and filled Jackson 
basin with glacial-fluvial deposits that comprise the shallow alluvial aquifer of interest. 
The glacial-fluvial deposits range from clay to boulder-size and may be 1,220-2,134 
meters thick near the Teton front. Drill logs generally indicate unconsolidated materials
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are interlayered clays, silts, sands, and gravels. Bedrock underlying the glacial-fluvial 
deposits is poorly understood; the southern basin floor may be Cretaceous-age Aspen 
Shale; northern Jackson Hole may be underlain by a thick wedge of Tertiary-age 
conglomerate, sandstone and claystone.
The geometry of the Jackson Hole alluvial basin is believed to from an 
asymmetric "wedge” to the north and a "U-shaped" valley to the south. The axis of the 
wedge may coincide with the Teton fault. Deepest deposits probably extend northward 
from Jenny Lake to upper Jackson Lake; the wedge probably thins eastward to depths of 
approximately 100 meters. Deposits northeast of Burned Ridge moraine and towards 
Buffalo Fork basin may be as thick as 150 meters. Unconsolidated fill is believed to thin 
to less than 30 meters of thickness south of the town of Jackson.
The Jackson Hole basin contains multiple heterogeneous, anisotropic, 
interconnected aquifers. The simplified conceptual model assumed the composite alluvial 
fill formed a continuous, unconfined aquifer from Jackson Lake south to the Snake River 
canyon underlain by impermeable bedrock.
Transmissivity/hydraulic conductivity values for the alluvial material filling 
Jackson Hole are generally unknown. Cox (1976) estimated aquifer transmissivity near 
Blacktail Butte to be 30,000 ftVday (2,800m2/day). Specific capacity information 
estimated from drill log ranged from 0.02 to 115 gpm/ft (4 -19,250 cfd/ft). The hydraulic 
conductivity of aquifer materials, approximated from Fetter (1980), was approximately 
.3-30 feet/day (10 3 to 10'1 cm/sec).
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8.3 Hydrologic System Model
The ground-water system within Jackson Hole was studied by integrating results 
of surface and subsurface analyses. Ground water was conceptualized as flowing from 
the fractured mountain blocks, recharging the valley fill, and discharging within the valley 
as surface flow (rivers, springs, lakes, wells) or through evapotranspiration. The 
hydrologic system was conceptualized as three inter-connected systems within the valley; 
the main aquifer extending from Jackson Lake south to the canyon of the Snake River; 
the topographic basin east of Burned Ridge moraine; and the Elk Refuge basin. These 
systems were defined by landforms (scarp and moraines), lakes and ponds, changes in 
river patterns and density, and/or geology (past depositional patterns, faulting).
Ground water in Jackson Hole is recharged by infiltration of water from 
precipitation, streams, and lakes, and lateral flux from adjacent mountain systems. It is 
estimated that 10-15% of total annual precipitation in Jackson Hole vertically recharges 
the aquifer. The volume of vertical flux, estimated using MODFLOW, is approximately 
130,000 m3/day.
Ground water in Jackson Hole is removed from the aquifer through surface flow 
(rivers, ponds, springs), evapotranspiration, and well pumpage. The Snake River gains 
approximately 880 cfs (25 m3/s) between Jackson Lake dam and the southern most river 
gage below Flat Creek. Ground water discharged through evapotranspiration may be 
significant; the total volume of evapotranspiration estimated by MODFLOW was 
approximately 86,000 m3/day.
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Water table distribution in Jackson Hole was inferred from water wells, rivers, 
natural lakes, springs, vegetation and topography. In general, well data showed that the 
water table was shallow in the southern half of the valley (0-7.6 meters below the ground 
surface). The water table was estimated to be deeper in the northern half of the valley 
(7.6-30 meters), and to mimic topography between points of high and low head (i.e. Leigh 
Lake to the Snake River). Overall, ground water generally flows from north to south and 
into the Snake River. The water table gradient is approximately 260 meters across the 
valley bottom.
8.4 Numerical Model
The conceptualized and characterized hydrologic system of Jackson Hole was 
simulated using MODFLOW to produce a mass balance and a predicted water table. The 
unconfined alluvial aquifer, was simulated as a single two-dimensional layer with lateral 
flux entering the aquifer at discrete points (tributary valleys). Vertical flux flowed 
through the aquifer top representing recharge and evapotranspiration, and two rivers 
flowed through the aquifer representing the Snake and Gros Ventre Rivers. No ground 
water was allowed to flow through the bottom of the aquifer or between discrete points 
of lateral flux. The model simulated lateral variation in aquifer materials only.
An iterative MODFLOW to ARC/INFO method was used to calibrate the model. 
Final heads predicted by the model differed by an average of 0.5 meters from calibration 
heads with a standard deviation of 7.1 meters. MODFLOW mass balance volumes were
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within an order of magnitude of hand-calculated estimates of recharge and 
evapotranspiration; river flux was within an order of magnitude of measured gage data, 
and constant head nodes were gaining or losing according to the conceptual model.
8.5 GIS Method
ARC/INFO GIS technology, used to develop, characterize and support conceptual 
and numerical models of the Jackson Hole hydrologic system, was considered a viable 
technique. Construction of the hydrologic database consumed nearly one third to one half 
of the total project time since most acquired data had to be converted to digital format 
outside the ARC/INFO environment. Data integration, management and visualization in 
the ARC/INFO environment was relatively efficient and enhanced surface and subsurface 
characterization, data analysis and numerical modeling. The ease of translating data from 
vector to raster format depended on the type of coverage being converted. Mathematical 
functions available in ARC/INFO GRID were especially useful for quantifying and 
distributing hydrologic parameters during numerical model development.
8.6 Conclusions
A basin-encompassing conceptual and numerical model, which simulates the 
hydrologic system in Jackson Hole, has been satisfactorily completed. The hydrologic 
system was characterized to the full potential of the available data using the systematic
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approach advocated by Kolm (1993). GIS technology was proven to be a viable 
technique for supporting the hydrologic investigation and the modeling process.
Refinement of the conceptual and numerical model, as data becomes available, 
will be necessary for application to local-scale problems. The model would significantly 
be enhanced by obtaining information pertaining to the alluvial basin geometry and fill. 
Specifically, much work needs to be done acquiring data relating the distribution and flow 
properties of aquifer materials within the valley. Water table data for the north half of 
the valley and near the Elk Refuge area are needed to confirm hypotheses that at least 
three interconnected systems exist in the valley.
In summary, a state-of-the-art database and simplified numerical model of the 
Jackson Hole hydrologic system have been developed. Since the numerical model was 
not designed for ground-water management purposes, the development of a more 
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c This program reads a floating point ARCINFO array and 
c converts to a user specified MODFLOW array (i.e. recharge 
c and EVT). The user is prompted for the following 
c information: 
c
c 1) filename for input
c 2) filename for output
c 3) format of output write [i.e, (10E12.5) ]
c 4) value for HNOFLO
parameter (maxx=200,maxy=200,maxz=l00) 
real ivalue(maxx,maxy), icount(maxz), hnoflo 
character*80 fin,fout,dummy,dummy2
write(*,*) ' ' 
write(*,*) ' ' 
write(*,*) ' '
write (*,*)'File containing ARC floating point array: ' 
read (*,'(a)') fin 
open (1,file=fin) 
write (*,*) ' '
write (*,*)'Filename for MODFLOW array: ' 
read (*,'(a)') fout 
open (2,file=fout) 
write(*,*) ' '
write (*,*)'Format for MODFLOW array (enclose in parenthesis): ' 
read (*,'(a)') dummy 
write(*,*) ' '
c read in ARC header data 
read (1,98) ncols 
read (1,98) nrows 
read (1,99) xmin 
read (1,99) ymin 




write(*,*) 'Replace ARC nodata value? (y or n) ' 
write (*,*)'ENTER for no: ' 
read(*,' (a)') dummy2 
write(*,*) ' '
if(dummy2.eq.'y'.or.dummy2 .eq.'Y') then
write(*,*) 'Value to replace ARC nodata: ' 
read (*,*) hnoflo 
write(*,*) ' ' 
endif
write(*,*) 'WORKING .....  '
write(*,*) ' '
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c read in ARC data
do 10 j = 1, nrows
read (1,*) (ivalue(i,j), i = 1, ncols) 
10 continue
c Replace noflow value if specified
if (dummy2.eq.'y'.or.dummy2.eq.'Y') then 
do 40 i = 1, ncols 
do 50 j = 1, nrows
if (ivalue(i,j).eq.-9999) then 





do 130 j = 1, nrows








c program to read modflow binary HEAD file 
c and write to an array
parameter (maxc = 500, maxr = 500) 
real h(maxc,maxr)
character text*16, fin*80, opfmt*80, ans2*l
write (*,*) 'Enter input binary head filename : ' 
read (*,'(380)') fin
open (30, file = fin, form = 'unformatted')
10 read(30, end = 99) kstp, kper, pertim, totim, text, ncol,
+ nrow, ilay
read (30) ((h(j,i), j = 1, ncol), i = 1, nrow)
write (*,'(/,'' The current array is: '',al6,/,
+ '' The current layer is: '',i5,//,'' Want to'',
+ '' save it (ret = no)? '')') text, ilay
read (*,'(a)') ans2
if ((ans2 .eq. ' ') .or. (ans2 .eq. 'n') .or.
+ (ans2 .eq. 'N')) then
goto 10
else
write (*,*) 'Enter output filename: ' 
read (*,'(a80)') fin 
open (31, file = fin)
write(*,*)'Enter output format in parentheses (): ' 
read (*,'(a80)') opfmt
do i = 1, nrow










c This program does the following: 
c
c 1) writes river package stages to respective cell in
c starting head file
c
c 2) checks bottom to river stage
c
c 3) creates new ibound array for constant head simulation.
c The user is prompted for the following information: 
c
c 1) filename for river package
c 2) filename for starting head
c 3) format of starting head [i.e, (10E12.5) ]
c 4) filename for new starting head







write (*,*)7File containing river package: 7 
read (*,7 (a)7) fin 
open (1,file^fin)
write (*,*)7Filename for starting head array: 7 
read (*,7 (a)7) fin 
open (2,file=fin)
write (*,*)7Format of head array (enclose in parenthesis): 7 
read (*,7 (a)7) dummy
write (*,*)7Filename for new starting head array: 7 
read (*,7 (a) 7 ) fout 
open (3,file=fout)
write (*,*)7Filename for IBOUND array: 7 
read (*,7 (a)7) finl 
open (7,file=fini)
write (*,*)7Format of IBOUND array (enclose in parenthesis): 7 
read (*,7 (a)7) dummyl
write (*,*)7Filename for BOTTOM array: 7 
read (*,7 (a)7) fin2 
open (8,file=fin2)
write (*,*)7Format of BOTTOM array (enclose in parenthesis): 7 






write (*,*) ''Number of columns in model: ' 
read (*,*) ncols
write(*,*) 'Number of rows in model: ' 
read (*,*) nrows
c read in starting head data
do 10 j = 1, nrows
read (2,fmt=dummy) (shead(i,j), i = 1, ncols)
10 continue
do 11 j = 1, nrows
read (7, fmt=dummyl) (ib(i,j), i = 1, ncols)
11 continue
do 12 j = 1, nrows
read (8,fmt=dummy2) (bot(i,j), i = 1, ncols)
12 continue
c read in starting head data 
istg=0
read (l,'(il0)') maxrivr 
read (l,'(a)') ndummy 
do 30 i = 1, maxrivr




write(*,*)'Read ',istg,' river stages'
c replace stage value in shead array, also create ibound check 
c for river stage locations
c initialize ib chk array
do 32 i = 1, ncols






do 40 i = 1, ncols 
do 50 j = 1, nrows
do 60 k = 1, maxrivr
if (i.eq.cstg(k).and.j.eq.rstg(k)) then
c new heads
shead(i,j) = stage(k) 
c trace of stages along river
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stghd(i,j) = stage(k) 
c trace of affected cells and new ibound for constant head
ibchk(i,j) = -3 
ib (i, j) = -3 






do 70 j = 1, nrows
write(3,fmt=dummy) (shead(i,j), i=l,ncols) 
write(4,'(75i2)') (ibchk(i,j), i=l,ncols) 
write(10,fmt=dummy) (stghd(i,j), i=l,ncols) 


















W eigh ted  
Avg - mln
W eigh ted  
Avg - max






W eigh ted  
Avg - mln
W eighted  
Avg - max
3 1274 .0 6 .0 20.0 764 4 .0 2 5 4 8 0 .0 1 5 2 1 .0 0 .6 2 .0 3 12 .6
62 836 6 .0 6 .0 20 .0 5 0 1 9 6 .0 167320 .0 9 1304 .0 0 .6 2 .0 782 .4 2 6 0 8 .0
63 1761 .0 6 .0 20 .0 1 0566 .0 3 5 2 2 0 .0 1 0 527 .0 0 .6 2 .0 3 1 6 .2 1054 .0
1 1 8 4 0 .0 0 .6 2.0 5 0 4 .0 1680 .0
Sum 1 1 401 .0 WT. AVG'S 6 .0 2 0 .0 1 3 1644 .0
1 4 6 4 3 9 .0 6 .0 3 8 6 3 4 .0
AVERAGE 6.0 20 .0 1 5 5 1 3 .0 6 .0 30 7 8 .0
1 6 3 68 .0 6 .0 2 0 .0 22 0 8 .0 736 0 .0
1 7 5 6 2 .0 6 .0 33 7 2 .0
1 8 855 .0 6 .0 5 13 0 .0
1 9 2 4 5 9 .0 6 .0 1 4754 .0
20 1959 .0 6.0 1 1754 .0
NOTE: 21 6 6 5 5 .0 2.0 6.0 1 3 310 .0 3 9 9 3 0 .0
•LAND AREAS THAT HAD NO K  WERE NOT USED IN AVG CALC 2 3 2 6 2 8 .0 0 .6 2 0 .0 1576 .8 5 256 0 .0
2 4 8 6 6 .0 0.6 2 0 .0 519 .6 1 7320 .0
MAX SUM = Area of Maximum Infiltration 26 12894 .0 6 .0 2 0 .0 7 7 3 6 4 .0 2 5 7 8 8 0 .0
2 7 2 0 4 5 9 .0 2.0 2 0 .0 4 0 9 1 8 .0 4 0 9 1 8 0 .0
2 8 4 6 9 3 .0 0 .6 6 .0 2 8 1 5 .8 2 8 1 5 8 .0
30 3 7 1 9 .0 2.0 6 .0 7 43 8 .0 2 2 3 1 4 .0
31 8 1 5 .0 0.6 2 .0 4 8 9 .0 1630 .0
3 2 4 6 9 .0 0.6 2 .0 2 8 1 .4 9 3 8 .0
3 3 8 4 6 .0 0 .6 2.0 5 07 .6 1692 .0
36 15914 .0 2 .0 6 .0 3 1 8 2 8 .0 9 5 4 8 4 .0
3 7 1390 .0 0 .6 2 .0 8 3 4 .0 2 7 8 0 .0
3 9 783 2 .0 0 .6 2 .0 4 6 9 9 .2 1 5664 .0
40 10890 .0 2.0 2 0 .0 2 1 7 8 0 .0 2 1 7 8 0 0 .0
41 8 9 9 .0 0 .6 2 .0 5 3 9 .4 1798 .0
4 2 4 8 9 .0 0 .6 2 .0 2 9 3 .4 9 7 8 .0
4 3 784 .0 0 .6 2.0 4 7 0 .4 1568 .0
4 4 3 4 8 0 .0 0 .6 6 .0 208 8 .0 2 0 8 8 0 .0
4 5 2 0 3 8 .0 0 .6 2 .0 1222 .8 4 0 7 6 .0
4 6 3 8 9 1 .0 0 .2 2 .0 7 7 8 .2 7782 .0
4 7 3 4 9 4 5 .0 0 .6 6.0 2 0 9 6 7 .0 2 0 9 6 7 0 .0
4 8 798 4 .0 0 .6 6 .0 4 7 9 0 .4 4 7 9 0 4 .0
49 1 783 .0 0.6 2.0 106 9 .8 3 5 6 6 .0
50 1 543 .0 0 .6 2 .0 9 2 5 .8 3 0 8 6 .0
51 2 6 5 3 .0 0 .6 2.0 1591 .8 53 0 6 .0
5 2 2 5 2 9 .0 0 .6 2.0 1517 .4 5 0 5 8 .0
5 3 784 .0 0 .6 2 .0 4 7 0 .4 1568 .0
54 2 1 8 3 .0 0 .6 6 .0 1309 .8 1 3098 .0
59 3 2 5 1 .0 0 .6 6 .0 1950 .6 19506 .0
60 2 5 3 4 1 .0 6 .0 152046 .0
6 2 8 3 6 6 .0 6 .0 2 0 .0 5 0 1 9 6 .0 167320 .0
6 3 3 2 7 0 .0 6.0 2 0 .0 19620 .0 6 5 4 0 0 .0
6 4 9 4 7 .0 6 .0 56 8 2 .0
6 5 4 9 2 .0 0.6 2 .0 2 9 5 .2 9 8 4 .0
66 433 .0 0 .6 2 .0 2 5 9 .8 8 6 6 .0
6 7 739 .0 0.6 2.0 4 4 3 .4 1478 .0
6 8 2 2 7 5 .0 0 .6 2.0 1365 .0 4 5 5 0 .0
69 349 0 .0 0 .6 2 .0 2 0 9 4 .0 6 9 8 0 .0
70 9 3 2 3 .0 0 .6 2.0 5 5 9 3 .8 18646 .0
71 955 .0 0.6 2.0 573 .0 1910 .0




AVERAGE 2.0 6 .2
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W eigh ted  
Avg - min
W eigh ted  
Avg - max






W eig h ted  
Avg - mln
W eigh ted  
Avg - max
2 1 477 .0 12 1 3760 .0
4 960 .0 0 .6 2.0 5 76 .0 1920 .0 22 5 6 7 8 .0 6 .0 2 0 .0 3 4 0 6 8 .0 1 1 3 560 .0
5 1824 .0 0 .6 2.0 1094 .4 3 6 4 8 .0 29 2 9 5 1 .0 20 .0 5 9 0 2 0 .0
6 8 4 1 .0 0 .6 2.0 5 0 4 .6 1682 .0 3 5 5 8 3 3 .0 0 .6 2.0 3 4 9 9 .8 1 1666.0
7 1776 .0 2 0 .0 3 5 5 2 0 .0 36 15914 .0 2 .0 6 .0 3 1 8 2 8 .0 9 5 4 8 4 .0
8 1101 .0 2 0 .0 2 2 0 2 0 .0 39 78 3 2 .0 0 .6 2.0 4 6 9 9 .2 1566 4 .0
16 3 01 .0 6 .0 20 .0 1806 .0 6 0 2 0 .0 45 2 0 3 8 .0 0 .6 2 .0 12 2 2 .8 407 6 .0
2 5 1602 .0 6 .0 2 0 .0 9 6 1 2 .0 3 2 0 4 0 .0 46 3 8 9 1 .0 0 .2 2.0 7 7 8 .2 7782 .0
46 3 8 9 1 .0 0 .2 2 .0 7 7 8 .2 778 2 .0
5 5 7 6 9 7 .0 6 .0 4 6 1 8 2 .0 Sum 4 4 1 3 7 .0
56 2 3 4 9 .0 6 .0 14094 .0 WT AVG'S 3.1 6.0
5 7 9 3 9 6 .0 6 .0 5 6 3 7 6 .0 MAX SUM 4 1 1 8 6 .0
5 8 1429 7 .0 6 .0 2 0 .0 8 5 7 8 2 .0 28 5 9 4 0 .0
61 4 3 3 1 .0 6 .0 2 5 9 8 6 .0 AVERAGE 4.3 5 .7
Sum 5 0 3 6 6 .0 WT AVG'S 6.0 14.3
MAX SUM 2 3 7 1 6 .0  
AVERAGE 6 .5  9 .7
Soil Categories NOT Used
Other No. of 
Acres
34 - 1 4 6 2 4 .0
Rock outcrop
38 - 1 0 577 .0
Rubble Land
Water 3 2 1 4 8 .0





PERMIT ARC/INFO LOCATION COLLAR COLLAR DRILL LOG DEPTH TO Elev. PUMP TEST DATA
NO. ELEV. ELEV. Feet Llthology BEDROCK Bedrock Q " S “ TIME
(M eters) (F ee t) Below Surface (FEET) (FEET) (GPM) (FT) (HRS)








Hard san d sto n e , small olay layers
Clay, broken sandstone, caving
6 8 5 8 8 2 .0 1 63 36







Brown day, gravel 
Gravel to 3 ', sand, water 
Gravel to 3“, water
>60 > 5919 65 2 2
P23139W 1 1 116 40 5 NW/NW 1866.6 6124 .3 0-3
3-37
Sal
Sand & qravel; grey
>37 > 6087
P10818W 1 3 a 116 40 6 NE/NE 1866.0 6122 .3 0-45
45-110
Gravel; light sand 
■>
>45 > 6077











Sand & gravel 
Gummy day, brown 
Gummy day, green 
Brown rock, hard 
S a n d s to n e




727 6 0 5 0 ?






Gravel & red day 
Red day 
Red silt & gravel 
Gravel
>78 >6041





Gravel A sand 
Sand
Sand A Limestone
148 5 9 7 2 .4 130 4 0 24
P8587W 2 2 116 40 7 NE/SW 1856.8 6092 .2 0-50
50-180
Sand & some small rock w/water 
??
>50 >6042 20 26 1









Gravel to 6* 
Gravel to 3* 
Gravel to 1‘ 
Sand
Gravel to 2’ 
Sand & silt 
Brown day
>101 > 6102













Rock 8  boulders 
Sand with some qravel
> 145 > 5912 20 30 1








>55 > 6002 10 10 1
P13392W 3 3 a 116 40 17 SE/SE 1879.4 616 6 .3 0-25
25-40
Jrown d ay
’ea gravel A red brown d ay
> 280 > 5886
40 -5 5  |Gravel to 4" & light brown day
55-75  (Light brown silt w/10% gravel
75-280  iLlqht qrev silty dav






=lne sand w/some day














Sand & some gravel 
Gravel to 2* 8  sand 
Sand
Ireen silty day
14 44 31 NW/NW 0-1 ' Dark brown soil
1-13 'Dark brown sandy silt
13-23 ' Light brown sandy silt
23-41 1 Brown day, gravel to 6 '
41 -43 1 Gravel to 3*, first water
43-54 |Very fine light gray sand





























Light gray day, pea grave 
Qray day, very fine sand 
Gray d ay  and small black rock 
Dark gray tine sand and 3% pea gravel 
water
Light gray caly and shale____________
P 7 4 7 5 8
ADDED
114 45 18 SW/SE 0-2 .Top soil
2-12 Qravel to 7”. water <® 1V
12-23 1 Qravel sand to 4 ‘, water
23-63 1 Silty sand
63-93 1 Green silty sand, water @ 160‘
93-160 lOrey sandy day
160-183 I Brown d ay
183-202 |Ouartzite gravel, brown day, water
jat 201
20 2 -210 [Hard Huckleberry tuff, 0.5 gpm
210 .Ouartzite gravel, sand caving
P 6 1 9 0 5
ADDED
115 44 36 SE/NW 0-22 ! Ouartzite boulders
22-157 Ouartzite gravel to 7 '
157-188 I Green day, small gravel
198-210 I Grey day
21 0 -214 lOrey sandstone, water
214-227 I Black d ay
22 7 -237 IQreen day
23 7 -239 |Qrey sandstone, water
239-246 | Green day
24 6 -255 ■Grey sandstone, water
255 -2 6 0 , Green dav
116 40 18 NW/SE 0-2 Top soil
2-15 Gravel to 4*
15-30 lSand
30-52 Isand & gravel to 2*
52-100 I Gray dav
116 40 18 NW/SW 0-25
25-125
125-130
Sandy day  
Sand & gravel 
Qravel________
116 40 18 NE/SW 0 3 I Top soil
3 21 .Sand & gravel
21 51 .Light brown day
51 58 Fine brown sand
58 83 Silty d ay  8  sand
83 97 'Silty day , gravel
97- 111 'P ea  gravel, sand, silty
111 126 I Red brown dav
116 40 18 SE/SW 0-4 I Grey day
4-10 |Gravel, water
10-20 I Sand, water
20-25 I Brown day, gravel
25-30 ■ Sand, gravel, water
30-31 .Gravel, water
31-35 Brown day , gravel
35-37 'Sand, water
37-39 'Brown day, gravel
39-49 I Blue d ay
49-50 lSand, water
50-57 I Blue d ay
57-63 | Sand, silt, water
63-68 I Sand, gravel, water
68-75 I Brown day
75-90 .Sand, silt, water
90-91 Brown day
91-103 Sand, silt, water
103-105 'P ea  gravel, water





Sandy day  








Brown day  
Red day, gravel 
Qravel to 4* 
Qravel to 2"
P52035W 116 40 20 NE/NE 0-15 'Rock, gravel, day
15-35 'Clay, brown/gray































200-260  I Sand & day
260-280  |Fracture zone or gravel, sand, water 
280-360  iGravel, sand, 8  day
116 40 27 NE/SW 6281.8 0-35  








I Brown day, small gravel, caving 
I Brown day, sand & grave to 6 '
I Brown silt, limestone gravel
Dark sand
'Tan d ay  w/sand & gravel 
I Green to gray day 
I Brown day, limestone gravel, sand 
iGay sands & chips, large rock 150-1 
I Gray d ay  (40-50%), limestone &
| sandstone chips, granite to 3’ ,
|water 184
jS llta tone to  lim estone A s a n d a to n f
day pockets, 2-3 gpm
270-295
.Limestone, sandstone, sand & gravel 
to 5", water
I Limestone, sandstone, granite gravel 
Ito 5", water @ 241
leaving sand A gravel to 10", sandstone 
Iquartzite, water from 246-264 
Red d ay  A gravel
116 40  28 NW/SW 0-1
1-23
2 3 -3 0
|Top soil 
I Sand, gravel (minus 8") 
Sand, qravel (minus 3")









Gravel to 12' 
Brown day
'Gray d ay  A small gravel 
I Yellow day. small gravel 
iGray day . gravel 
I Gravel to 2*. some d ay  and silt 
IGray day_____________________
116 40 29 SE/NW 0-3 |Top soil
3-35 fSand, gravel to 3 '
35-36 1 Brown day
36-59 .Fine sand, day
59-70 Fine sand, gravel to 4'
70 -73 'Gravel to 3*
73-75 ■Fine sand
116 40 33 SE/NW 0-8
8-25
■ Heavy gravel A day  
I Shale




I Top soil 
| Gravel to 12' 
(Sand A brown day  
■ Black shale












Broken sandstone, day 
Broken sandstone, brown, day 
Black shale 
Green day
I light brown day  A gravel 
I Coarse sand, pea gravel 
I light brown sandy day  
| Dark brown day, gravel 
flight brown sand, gravel, 1 gpm water 
■ Hard black rock________________










Brown top soil 
Hard brown shales
Broken brown shale and brown day  
Hard brown day
I II
■ Brown d ay  with gravel 
I Hard gray shale  
I Brown day
| Fractured green shale with shale talc. 
I Hard green and brown shale 
I Fractured brown shale, trace of 
I brown day
0-10 Top soil
10-40 ' Brown soil A gravel
40-65 1 Loose gravel
65-70 ■ Red sand A day
70-85 1 Gravel A sand
85-95 IGravel A blue shale
95-115 | Brown d ay
115-140 |Blue d ay  A gravel
























140-190 Blue shale, hard
190-220 iBIue shale & gravel
2 2 0 -250 | Blue shale & sand
2 5 0 -255 | Sandstone & red day
2 5 5 -270 ■ Blue sandy shale
270-29S .Gray sandy shale
296 -3 0 0 .Water-washed rock
300 -3 2 5 Blue grey shale & gravel
325-375 'Grey sand
375-440 ■Hard grey shale
4 4 0 -4 5 6 1 Gravel & red brown day
4 5 8 -4 6 3 iGravel, sandstone. & day
4 6 3 -500 (Small qravel, light brown day










■ Clay, gravel, large rock 
.Clay, sand, gravel, fine sand 
.Clay, fine sand, some gravel 
Clay, sand, some gravel.
'wtr bearing zone gravel & boulders 
I l5 5 '-1 5 6 '
I Clay, sand 
IGravel 6  boulders


















5 7  |
P64456W  | 81 | 117 40 2 NE/NW 1860.5 6104 .3 0-11
11-49
4 9 -5 8
55-61
IGravel
| Sand, small gravel 
(Sand 
■ Gravel









P43130W  . 8 5 . 117 40 3 NW/NW 1878.6 6163.7 0-8
8-32




. Brown day 
1 Red day. gravel 
'Gravel, brown day 
(Black ahals















1 Light brown day
|Ught red day, small sandstone ledges 
| Light red sand, broken sandstone 
■ Red sandy day

















■ Boulders, brown day 
.Red day
Red day, sandstone 
'Boulders, brown day 
(‘Green slay, eb sed ian  






















IBrown day  
IGravel to 10* 
(Gravel, sand, silt 
(Gravel to 4*
, Brown dav. qravel



















>61 > 6020  :
I
I




P43365W  1 9 4 b 1 117 40 12 NW/SE 1853.4 6081 .0 0-24
24-46
46 -54
lUm etstone, quartzite 
I Broken lim estone 
I Ouartzite qravel
















f Brown day 
(Gravel to 6*
■ Broken lim estone 
.Limestone 
Broken limestone 
Broken limestone & day 
(Limestone gravel 
I Ouartzite gravel to 4*
I Fine sand
I Ouartzite qravel to 2’



























| Top soil 
| Brown day 
(Gravel, boulders 
.Ouartzite, gravel, boulders 
.Brown day, small gravel 
Ouartzite gravel to 4* 
'Brown day, small gravel 
(Qravel to 8*




















1 Fractured obsedian 
1 G reen & brown san d sto n e  
|Red sandstone 
| Brown sandstone & obsedian 
|Hard sandstone









































Red day, sandstone, obsedian 
I Hard obsedian, brown day  
| Hard black sandstone 
[Hard brown sandstone 
Loose sandstone gravel_______
117 40 35 NW/NE 0-16  | Brown day
16-48 .Ouartzite gravel, day
4 6 -6 3  Ouartzite gravel
63 -69  'Sandstone, gravel, black d ay
69 -86  I Hard green  san d eto n e
86-92  I Sandstone w/layers of green d ay
12 gpm @ 86 
92-1 0 6  I Hard green sandstone
106-113 |Grey day, sandstone chips
113-115 | Black shale, day  layers, water
115-185 ! Black shale, day layers___________







Firm dark brown shale
•Topsoil 
I Shale boulder A day 
I Brown gummy day 
| Shale boulder A day 
|Brown d ay  
|Flrm  gray  shale 
I Broken gray shale, eaapaga water 
.Firm gray shale 
Broken gray shale, some water 
*Rrm gray shale 
* Conglomerate, water 
I Firm gray shale 
I Broken gray shale, water 
I Firm gray shale 
| Broken gray shale, water 
| Firm gray shale 
|E*oken gray shale, water 
I Firm gray shale
I Broken gray shale, water_________












2 0 0 -2 0 3  
20 3 -235  
23 5 -238  
23 8 -260  
26 0 -264  
26 4 -285  
285-295





Large gravel A day  
'Small gravel A day  
I Sand
I Sand, gravel, silt 
I Sand A gravel
115 41 20 SW/NW 0-.5 (Top soil
.5-71 | Limestone, sandstone boulders
71-75 (Sandstone ledge
75-119 (Brown day, broken sandstone, drip of
(Water @ 105
119-122 . Sandstone ledge
122-131 Limestone gravel, brown day
131-156 ' Broken limestone, 3 gpm @ 151
156-167 1 Brown sandy day
167-197 lO ranlte, w ater @ 173-174,
1178-180, 195-196
197-210 | Hard granite









I Sand A gravel













1 Top soil 
'Gravel
1 Volcanic rock 
1 Little gravel
1 S an d s to n e  A bentonite
1 Green shale
IGravel A volcanic rock
93 6 2 6 3 .0  j
1 1 1 1 
1 t i l  
1 1 1 1 
1 1 1 1 
1 1 1 1
P1860W 1 15 116 41 2 SW/SE | 1943.8 | 6377.6 0-10 [Black soil A large gravel 3 0 | 6 3 4 7 .6  | | |
| | 10-24 [Brown day , gravel, silt A trace water 1 I I I
| | 24-30 [White light d ay  A firm gravel 1 I I I30-35 .Brown shale
I I 35-70 Green day  shale 1 I I I
1 1 75-80 1 Brown d ay  A shale 1 I I I
1 1 85-110 1 Blue day  A shale 1 1 1 1
1 1 110-115 (Blue d ay  A shale, some water I I I !
1 1 115-125 iBIue d ay  A shale 1 1 1 1
1 1 125-130 IBIue d ay  A shale, some water 1 1 1 1
1 1 130-140 |Blue d ay  A shale 1 1 1 1
1 1 140-145 iBIue d ay  A shale, some water t i l l
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PERMIT ARC/INFO LOCATION COLLAR COLLAR DRILL LOG DEPTH TO Elev. PUMP TEST DATA
NO. ELEV. ELEV. Feet Lithology BEDROCK Bedroek O "S " TIME
(M eters) (F eet) Below Surface (FEET) (FEET) (GPM) <FT> (HRS)
145-175 Blue d ay  & shale
1 1 175-180 Blue d ay  & shale, some water
1 1 180-197 |Blue d ay  & shale
1 I 197-200 Hard brown rock
| | 200-215 Rock & silt streak
215-222 Brown rock, firm
222-225 Coarse sand, water
225-230 Brown rock, firm, water
1 1 230-246 Brown d ay  8 rock, water
P57164W 1 16 116 41 6 NE/NE 1902.0 6240.5 0-4 'Topsoil 
4-15 I Qravel to 12"






I Sand, gravel 
I Sand
| Sand, small gravel 
| Qravel to 2*
I Sand_____________





Brown day, topsoil 
Qravel to 7", sand, water @ 2T  
Qravel, tight sand, dry 
Small gravel, water 
IGravel to 3*. 30% sand, water
>98 29








1 Brown d ay  
I Cobble
| Qravel to 2*. water 
I Qravel, hardpan 
1 Sand, water 








P21761W 1 2 0 a 116 41 11 NW/NW 1988.9 6525.6 0-4 Hardpan day ' 83 6 4 4 2 .6
4-31 Large boulders, gravel 1
31-49 1 Cemented gravel 1
4 9 -8 3 1 Brown day, rock 1
83-174 iRed A brown san d sto n e 1
174-202 lHard granite 1
202-240 | Decomposed granite 1
240-302 |Hard granite 1
302-320 1 Decomposed & broken granite l
P61429W 1 2 0 b 116 41 11 NW/NW 1988.9 6525.6 0-75 |Clay, gravel, boulders 1 75 6 4 5 0 .6
75-1 7 0 .Rock
170-190 Clay 1
190-240 'Rock 1
240-250 ' Broken lava 1
250-280 I Lava 1
280-283 1 Broken lava 1
283-300 ILava 1
P45356W 1 1 9 116 41 11 SW/NE 1904.0 6247 .0 0-5 | Topsoil | >148 >6099 1500 13 24
5-55 (Qravel. day, sand 1
55-78 (Boulders, gravel, sand |
78-140 • Boulders, gravel, sand |
140-148 . Sand. day. silt
P36664W 121 116 41 15 SE/SW 1977.9 6489 .5 0-41 Brown day ' 85 6 4 0 4 .5 17 10 24
4 1 -76 'Red day  rock chips 1
76-78 'P ea gravel, sand 1
78-85 1 Red day 1
85-99 IRed san d sto n e 1
99-107 IPink limestone 1
107-128 | Red sandstone 1
128-150 (Limestone 1
150-157 1 Limestone gravel |
157-205 .Grey limestone 1
205-210 Limestone gravel i
P55457W 1 6 3 116 41 16 SE/SW 1908.8 6262.8 0 -3 Topsoil ' >123 >6140 350 15.3 24
3-21 'Qravel to 12* 1
21-28 ' Qravel to 3* 1
28-43 I Sand, gravel to 4" 1
43-48 I Qravel to 3" 1
48-56 | Sand 1
56-68 (Qravel to 2", sand 1
68-72 (Sand |
72-86 I Qravel to 2*. 50% sand |
86-88 .Gravel to 12"
88-105 Qravel to 3", 50% sand 1
105-119 'Coarse sand 1
119-121 'Siltstone 1
121-122 ISilt & day 1
122-123 iFine sand 1
P74002W 1 22 116 41 16 NW/SW 1899.6 6232.6 0-6 I Sandy topsoil 1 >125 > 6108 1045 35 24
6-13 |Sand, gravel to 8" I
13-28 (Sand, gravel to 4" I
ER-4348 176





















Sand, gravel to 2~ 
Qravel to 0 .5 ', sand 
Qravel to 2 ', sand 
Qravel to 2 '. sand




Shale, red (Am sden Frm.) 
Sandstone, brown (Darwin Sandstone 
water bearing
12 62 7 2 .8 40 ? 14






Fractured basalt, brown day  
Fractured basalt, brown sandy day  
Sand 
Silt
212 6032 .1 100 24 2 24
151-211 
211-212  
2 1 2 -217
2 1 7 -218
2 1 8 -225  
2 2 5 -227  
2 2 7 -240
240-241
2 4 1 -246  
2 4 6 -257  
2 5 7 -259  
250-261 
2 6 1 -275  
275-281 
281-286
Fractured basalt, brown day









Hard limestone, water 
White day
Hard limestone, water 
White day
Hard limestone, water_______
116 41 10 SW/SW 6160.6 0-17 'Brown day, broken limestone
17-31 'Broken limestone
31-33 'lim estone ledge
33-56 'Ouartzite gravel, brown day
56-68 1 Ouartzite gravel, some water
68-69 .5 (Black rock ledge
69 .5 -70 IBroken black rock, limestone, water
70-72 |No record
72-134 ■ Pink day, small gravel
134-155 .Grey day , sm al gravel
155-258 .Grey day
258-330 'M adison Lim estone, w ater
25 8 35 2 40










'Brown d ay  
'o rey  day 
I Brown day  
iR edday
IGravel to 3 ', sand 
|Qravel to 3*. 95% sand 
| Sand
■ Sand, 20% small gravel 





























P44486W 1 6 5 a 116 41 27 SW/SE 1906.9 6256.5 0-20 Soil & boulders | > 245 > 6012  ' 2700 6 ' i j
20-30 ' Qravel 1 1 i i
30-37 'Qravel 6  d ay 1 1 i i
37-63 I Sand, gravel, day 1 1 i i
63 -1 9 0 I Sand, large gravel A d ay 1 1 i i
190-225 |Gummy blue day 1 1 i i
22 5 -245 I Qravel, sand & day 1 1 i i
P66201W 1 6 5 b 116 41 27 SW/SE 1906.9 6256.5 0-1 I Topsoil | > 313 > 5944 | i i
1-28 ■ Sand, gravel, cobble to 12' | | i i
28-44 .Sandstone, gravel to 3“ I ■ ■ i




50 -100 'co arse  sand, pea gravel, water 1 1 i i
100-105 'sandy  silty day, brown, dry 1 1 i i
105-100 I Qravel, silty sand, water 1 1 t i
109-113 I Coarse sand, very silty, water 1 1 i i
113-138 I Silty sandy day, brown, dry 1 1 i i
138-155 (Silty sand A gravel, little water 1 1 i i
155-176 (Qravel, coarse sand, silty, water 1 1 i i
176-182 ■Red brown silty day, dry | | i i
182-185 ■ Sandy day, dry | | i i
185-189 .Red day, dry 1
189-195 Coarse sand A gravel, water 1 1 i i
195-202 'Red day, dry 1 1 i i
202-207 'Blue gray day, dry 1 1 i i
207-212 I Silty sand A gravel, water 1 1 i i
212-224 I Sandy gravel, water 1 1 i i
224-226 I Fine sand, water 1 1 i i
226-228 |Gray d ay  A sand, dry 1 1 i i


























256-261 I Fine brown silty sand, water
261-291 I Fine gray sand, water
291 -3 1 3  I Brown, blue gray day, dry








116 41 31 SE/SE




'Limestone, light grey, increasing hard-', 
'n e ss  w/depth, caldte crystals, trace of 
Icaloareoua m udstone  <$ bottom , I 
I (Madison Frm.). Water ®  124 (2gpm)l 
I increasing to 10 gpm &  T.D.
1 2 9 116 41 29 SE/SW 
(116 41 32 NE/NW 
FIGURE OUT
1870.6 0-20  |RoadfHI. gravelly sand, water @ T  |
2 0 -108  (Sand, line texlured, subangular, d e a n ,|
I black & white consisting of quartz A | 
.basalt grains. Trace of fine subangular. 
gravel.
108-130 'Gravel, fine, subrounded, sandy, basaltic, 
(quartzitic w/some dark gray dolomite |
IA limestone gravels, considerable water
130-131 ICIay. gray thin layer which plugged b it
iwater I
131-185 IGravel, sandy A silty, subangular, |
(predominant dark color, water |
185-198 (Sand, fine silty brown color, water |
198-201 iSlty, sandy A dayey brown color, water
2 0 1 -208  .S ilta tone , gray , p laty, so ft, j
____________weathered, dry._____________________
201 5 9 3 6 .4












Silty dayey gravel, subangular.
Iquartzitic, water -5 0  gpm 
I Hard quartzltic cobble I
I Poorly graded, d ean  sand, water -75gpm 
IGravel, rounded, fine, quartzitic, sandy| 
(trace of volcanic extrusive, water -200 gpm 
(Clay, light brown, plastic w/trace gravel.
I appear* light, impervious j
.Gravel, coarse, quartzitic to basaltic, . 
black A rust, water -200 gpm ;
'Gravel, coarse, subangular cobble frag- 
Iments of limestone A dolomite; some day  
I Gravel, limestone w/sand a day, less I 
Iwater I
I Sand A fine gravel |
|Clay, tan, light |
iFine sand, trace qravel. water -3 0  gpm




34 -3 6  




(Clayey silt black loam 
I Clayey sllt/gravel, tan |
Silty gravelly sand, light brown, water . 
Silly, cobbiy day. tan 
I Sandy, gravelly, silt, red, som e water ' 
I Silty sand. buff, water I
I Silty, dayey  to sandy, buff, felsic I 
I Sand, silty to line gravel, subrounded, I 
|tan, large amount of water |
|Sand, gravelly, subrounded, tan, loose,) 
(large amount of water |
(Sand, gravelly, subrounded to rounded, 
.firm, large amount of water !
Siltstones, mudstones, limestone in
147-148
'matrix of white day, not much water ' 
Ictay, whit* trace pink, with small I 
(angular gravel, no water I
IGravel, sand, subrounded, light colored, 
I large amount of water |







(Brown day, topsoil 
I Gravel to 7", sand, water 0  27* 
.Gravel, tight sand, dry 
Small gravel, water 
Gravel to 3*. 30% sand, water
(Topsoil 
(Gravel to 6*. water @ 12 
I Sand
IGravel to 2*_____________




P42530W 117 41 11 SE/NE 0-109 |Sam e material from surface to T.D. | 
iGravel, approx. 25% cobbles, 35% |


























pebbles, 10% granules, & 30% sand.
I Clasts very well rounded (cobbles) to |
| well rounded (pebbles) to angular (med- 
|ium sand). Dominant rock type is quartzite,
I white, pink, & purple, up to 75% in |
I many samples. Numerous gneiss & gray basalt 
.fragments, black and white granitic & . 
dioritic rock fragments, some white 
'sandstone (fine-grained) fragments \
I some gray carbonate rock fragments. Few 
I chert clasts. Some basalt porphyry clasts.
I Sand is angular, salt A pepper, with grey,
I green & red igneous & metamorphic rock 
[fragments. Water bearing from 4.5'-109'.










I Large boulders & gravel
Large boulders A gravel, water 
Sand A gravel, water 
Large boulders, water 
Clay, sand A gravel
I More d ay  A gravel 
I Less day  A gravel 
I More d ay  A qravel
> 152





ICIay A gravel 
| Sand A gravel 
I Qravel, water
I Pea gravel w/trace of sand, water 
'■ gravel to pea gravel, water
117 41 12 SW/SW 0-2
2-78
Topsoil
Qravel A boulders, from 1/4’-2*
(fines. water from 16‘-78'_______
■Topsoil 
I Qravel to 6 '
I Qravel, sand, water 
| Sand, water 
iGravel to 3*. water





117 41 14 SE/SE 0-80  |Boulders A gravel composed of Ingeou
IA metamorphic material mixed w/ 
.coarse sand,____________________







'Gravel to 4’, water &  4*
I Sand, water
I Sand, 10% pea gravel, water 
I Sand, water
IGravel to 2*. water__________







2 0 5 -225
2 2 5 -2 3 8
2 3 8 -258
2 5 8 -262
26 2-264
2 6 4 -282
2 8 2 -300
300-305
3 0 5 -310
310 -3 3 5










'Brown sand A day 
I Brown d ay  
(Black day
I Sand A gravel, water 
| Sandstone, shale 
| Sand 
| Clay
I Clay A boulders 
■ Sand, water
Clay A gravel, water 
'Clay A sand, water 
(Qravel, shale, water 
I Sand





IGravel, sand, day 
| Clay A gravel 
iSolld granite
117 41 21 SW/NW 0-73
73-215
2 1 5 -287
2 8 7 -289
289-394
394-395
|Qranite, limestone, sandstone boulders 
I Boulders, d ay
.Brown d a y , lim estone, rook ch ips 
Limestone ledge
1 Brown day, chert limestone chips, 
(water 375‘-380'
I Rock, blasted rock__________________
I Loess w/grey d ay  <g> bottom 
I Boulders, gravel A coarse sand comprii 
|of igneous and metamorphic material 
|w /quartzites

















117 41 22 SE/SW 0-1 1 Topsoil
1-15 .Light brown day
15-110 .Gravel to 12*
110-138 Sand, water
138-141 1 Gravel to 3*. water
0-10 'd a y ,  basalt boulders
10-31 lHard fractured basalt
31-39 lHard b asa lt
39-49 leaving basalt
49-111 |Hard basalt
111-113 1 Brown day
113-126 |Hard basalt
126-140 .Basalt green day
140-148 Basalt
148-156 | Basalt, brown day
156-160 'Basalt
Boulders, gravel & coarse sand comprised 
of Inge out & metamorphic material 
w/quartzites, including sandstone &
Elev.
B edrock







2 3 6 117 41 24 NE/SW








Ouartzite sand & gravel 
Quartz sand & brown day  
Ouartzite sand & gravel 
Hard b asa lt A green d a y  
(Note: this was limestone not basalt ( 
according to owner • probably Cambrian 
Gros Ventre Frm.)____________ _






Ouartzite sand & gravel 
Ouartzite, sand, gravel, brown day  
Ouartzite, sand, gravel to 8", brown day  
Hard b asalt, oavltles of green  d a y
(Geologist calls this grey limestone)
2 4 3 117 41 25 SE/SE 1888.9 6197 .5 0-15 | Topsoil
15-35 I Large gravel & water day
3 5 -50 .Gravel & silt water
50-60 .Coarse sand 6  pea gravel
6 0 -65 Clay & coarse sand & pea gravel
6 5 -75 'Gravel, pea gravel, coarse sand, some
'w ater
75-85 I Clay 8  pea gravel
8 5 -95 I Brown day , some gravel
95-100 IGray day, shale, some water
100-120 | Brown d ay  & shale
120-125 (Broken shale, day, some water
125-150 • Brown d ay  6  shale
150-155 .Broken shale, day, some water
155-160 .Brown day, shale, some water
160-185 Brown day
185-197 'Firm cemented gravel, water
197-200 'Loose gravel, good water
200-205 I Cemented gravel, good water
205-212 I Cemented firm gravel
212-217 I Sand & lame qravel, water
100? 60 95?
P72767W 2 4 2 117 41 25 SW/SE 616 4 .3 0-2 | Topsoil
2-30 (Sand, gray d ay
30-56 •Gummy gray day
56-65 .Clay & gravel
65-105 Large gravel & sand
105-112 'd a y  & gravel
112-125 'Brown gummy day
125-135 'Brown gummy day/shale
135-212 Ictay & brown shale
212-215 ICIay 6  gravel
215-220 | Brown day
220 -2 4 8 (Gummy brown d ay
248-256 (Clay & limestone
256-280 , Brown gummy day






Qravel to 8*. water ( 
Gravel to  3’ , sand 
Sand
Gravel to 2*________









PERMIT ARC/INFO LOCATION COLLAR COLLAR DRILL LOO DEPTH TO Elev. PUMP TEST DATA
NO. ELEV. ELEV. Feet Lithology BEDROCK B edrock 0 "S " TIME
(M eters) (F«*t) Below Surface (FEET) (FEET) (GPM) - 1 2 L (HRS)
55-00 Gravel
90-145 Qravel a  some d ay
145-150 Qravel, some day , water
150-165 Qravel a  some d ay
165-170 Gravel, day, sand
170-178 Qravel, day, sand, water





Sand a  gravel
>67 >6070








Qravel a  day 













Qravel a  boulders 
Large boulders 




L im estone, sh a le
279 6 0 7 5 .3
P25155W 2 5 8 a 117 41 28 SW/NE 1951.6 6403.2 0-10
10-47
4 7 -48
4 8 -2 2 5  
2 2 5 -285
Brown day
Qravel a  brown day
Rock
Qravel
Red day  a  gravel
> 285 > 6118
P69294W 2 5 8 b 117 41 28 SW/NE 1951.6 6403.2 0-3
3-40
4 0 -6 0
Topsoil
Clay, some sand
Som e sh a le  w/elay layering
4 0 6 3 6 3 .2
60-210 Shale w/day and some sandstone layers
2 1 0 -260 White sandstone, very hard
2 6 0 -300 Fractured shale, sandstone, water from 
265' to T.D.
P65980W 2 6 2 117 41 33 NW/NE 1957.7 6423.2 0-58
58-185
185-226
2 2 6 -2 4 0
240 -2 4 2
242 -2 5 0
250 -2 8 5
Brown day, boulders
Hard volcanic ash




Broken obsedian, sandstone, water
185 6 2 3 8 .2 17 79 24
P71524W 2 6 4 117 41 33 NW/SW 2103 .4 6901.3 0-68
68-226














6 8 6 8 3 3 .3 45 31 60








Qravel & obsidian 
Obsidian A lim estone 
Obsidian 
Limestone
74 6 1 8 6 .8 10 0 1







Qravel, boulders, red day  
Sand, gravel to 3', silty 
Sand, gravel, silt 
Brown day
S an d sto n e , layers of obsid ian
94 6 0 2 9 .0 17 100 4
P31687W 2 7 0 117 4 1 34 SW/NW 1871.9 6141 .7 0-11
11-29
29-30
Brown day  
Qravel to 10’ 
Boulder
66 6076 .0 2.5 30 3
30-34  IQravel to 6*
34-66 Small gravel, light brown day
66-74 Limestone, water -2 .5  gpm
74 -7 5  |Grev dav
P75948W 27S 117 41 34 SW/SE 1861.3 6106 .9 0-2  .Topsoil 
2-4 .Topsoil 6  day  
4-14 Qravel to 6", sand 
14-69 'Very sandy, some gravel to 3"
>69 >6038 50 0.66 7
P60407W 2 7 8 117 41 35 SW/SW 1862.1 610 9 .6 0-1 2  'Topsoil & rocks 
12-28 Isoil & gravel 
28 -33  lSand a  gravel 
33 -35  IShale
33 6 0 7 6 .6 20 13 2

















23 -59 Sit, sand, some gravel
59-61 I Very hard boulder
61-95 |Sand, gravel to 1*
95-102 | Sand A silt
102-130 (Sand, silt, gravel
130-137 (Grey day
137-140 .Gravel to 2’
DEPTH TO 
BEDROCK 





















Clay & gravel 
'P ea  gravel & eand 
I Gravel & eand 
I Gravel, sand, & day  
I Pea gravel & sand 
IGravel
|Clay, sand & gravel 
(Gravel 6  sand
Sand & silt 
Gravel, sand, silt








I Boulders, sand 
|Flrm  gray shale 
| Soft grey shale 
|Rrm gray shale 
(Soft gray shale 
,Firm gray shale 
Hard coarse shale












■Gravel A som e s it
I Gravel, d ear____________
I Topsoil
I Boulders A sand 
| Firm gray shale 
(Soft gray  shale 
(Firm gray shale 
I Soft gray shale 
.Firm gray shale 
Soft gray shale 
'Hard gray shale 
I Broken gray shale 
I Soft gray shale 
I Rim gray shale 
I Broken gray shale, water 
|Rrm gray shale 
(Broken gray shale, water 
(Rrm gray shale 
.Broken gray shale, water 
.Gravel, water___________
















4 3 0 -4 4 5
445-450
115 42 10 SW/SW 0-5
5-48
4 8-1 0 8
108-260
260-290
2 9 0 -296
296-366
366-415
4 1 5 -422
4 2 2 -455
455-460
4 6 0 -482









'Gravel A boulders 
• Pumice, white 
I Yellow so ft sha le  
I Rrm brown shale 
| Broken brown shale 
| Soft yellow shale 
(Rrm gray sandstone 
(Broken shale, water 
.Soft sandstone 
Broken shale, water 
'Soft sandstone 
' Broken shale, water 
I Rrm sandstone 
I Rrm sandstone green 
I Broken gray shale, water 
I Rrm gray shale 
(Gray broken shale, water 
(Rrm gray sandstone 
Broken gray shale, water
P61456W 115 42 11 SE/SW 2106 .7 0-37 (Clay A gravel
0-5 'Topsoil
5-14 'ctay
14-53 lSand A gravel
53-58 IWhlte chalk-rock
58-148 (Firm gray shale
148-161 | Broken gray shale, little water
161-188 1 Green firm shale












Broken green shale, water 
Rrm green shale 























Sandy d ay  
Light brown day
Weathered granite, d ay  & boulders 
W ater bearing  granite, gravel A
boulders




Qravel to 2' (casing 8-5/8"??) 
Qravel to 6", sand 
Sand, gravel to 3"
Brown day___________________








Qravel to 4", sand 
Sand
60% sand, gravel to 3’ 
90% sand, small gravel 
50% sand, gravel to 2" 
Qravel to 3", 5% sand
>6280








fine gravel & sand 
Sand
Sand A gravel 
Coarse gravel 
















Silt A boulders 
Clay A boulders 
Clay A gravel 
Washed gravel 
Qravel A sand 
Coarse gravel A sand 
Sand A coarse gravel 
Coarse gravel A sand 
Qravel
d a y  A qravel
117 42 24 NE/SE 0-1
1-18
18-43
















Casing, top el. 6290.8 
Ouartzite gravel, granite boulders 
Ouartzite sand, gravel to 5", 
water &  28'. (SWL 15.5’)
Ouartzite granite sand, gravel to 1", 
silty, dry
Ouartzite granite gravel to 6", red silt 
drip of water
Ouartzite granite gravel to 4", brown 
silt, dry to 85', drip 85'-93'
Ouartzite granite gravel to 3", 20% 
sand, sidy water
Ouartzite granite sand, gravel, brown 
silt, dry
Ouartzite granite sand, good gravel to 
good water
Ouartzite, less granite, sand, gravel, 
silt, dry
Ouartzite, less granite, 20% sand, 
gravel to 3", water 
Ouartzite sand, water 
Ouartzite 40% sand, gravel to 2", 
good water
Xiartzite 20% sand, gravel to 2", 
slow water
Ouartzite 40% sand, gravel to 1.5", 
brown day, dry
Ouartzite 25%. sand, gravel to 6", last 
Ouartzite granite gravel to 6", 25% 
sand, some day, water 
Ouartzite 25% sand, gravel to 1.5". w 
Ouartzite granite gravel to 4", sand, 








117 42 26 SE/SW 0-24 'Granite boulders A sand
24-29 1 Granite boulders
29-95 'Boulders, gravel A sand
95-98 1 Granite boulders
98-100 1 Qravel A sand
100-104 I Granite boulders
































Boulders, gravel & some day 
Qravel & silt, water 
Boulders, gravel & silt 
Qravel & silt, water 
Qranite boulders 
Boulders A gravel, water 
Gravel mixture, water_______
P45829W 3 9 7 117 42 35 NE/NW 0-60 'Qranite boulders
60-120 1 Qranite boulders, day
120-152 'Qranite boulders
152-157 1 Qranite gravel
157-159 1 Qranite ledge
159-180 | Qranite, brown day
180-247 |U m ee to n e , d a y
247-251 I Limestone, silt, sand, day
2 51-264 ■Limestone ledge
264-297 .Broken limestone, day
297-310 .Broken limestone, water
310-327 Broken limestone, day
327-368 'Li ms tone ledges, day
368-387 1 Broken limestone, granite, day
387-388 1 Qranite ledge
388-365 1 Limestone gravel, granite, silt, water
6373 .1
117 42 35 SE/NW 0-35 | Brown d ay  & granite rock to 1 f t
35-38 |Hard black rock
38-68 ■Light grey day, small rock chips
68-66 ■ Rock
69-106 .Red brown day, small rock chips
106-107 Rock
107-113 Light gray day, small rock chips
113-115 I Rock
115-141 'Light grey d ay  & small gravel
141-144 I Small gravel A water
144-155 I Qravel A brown day
155-159 | Small gravel A water
159-161 | Rock
161-168 ■ Small gravel A water
168-175 .Brown d ay  A gravel
175-179 .Rock
179-185 Water A pea gravel
185-192 1 Brown d ay  A gravel
192-200 'P e a  gravel A water
117 42 35 SE/NW 0-8
8 -130
130-217
Clay & sand 
Sand 8  gravel











| Topsoil, gravel | 1607 
(Brown day , gravel |
(Light brown day  |
.Red day  .
.Qrey day, shale ledges ,
Reddish day, sandstone chips, drip 9  160*
'Soft grey shale, swelling |
'R ed grey d ay  sandstone chips, swelling 
I Soft grey  ahale, drip w ater 9  210,224,240* 
IRed grey day, sandstone chips I 
I Rust brawn dav  I
| 67407
P26142W 4 13 | 116 43 11 SE/SE 2 035.0 6676.8 0-35 |Grout 8‘ | >151 | >6526
35-75 (Grout 4 ' |
75 -86 ■ Grout 2*. sand 10% I
86-132 .Grout A sand 30% ■
132-151 Green dav  with 0.25’ gravel i
P75436W 41 4 ' 116 4 3 34 SE/SW 1966.4 6451 .8 0-3 'Topsoil, gravel 1 >60 1 > 6392
3-10 ' Sand, gravel, large rocks 1
10-55 I Sand, gravel, water 1
55-60 I Grave I, small amounts of sand 1
P44212W 4 15 I 116 43 34 SW/SE 1954.2 6411 .7 0-14 IGravel to 6’ 1 > 100 1 >6312
14-30 | Qravel to 2’, sand 1
30-38 (Sand, water 1
38-47 (Sand, gravel to 1*. water 1
47 -5 3 .Qravel to 2*. water 1
53-54 .Sandstone 11
54-100 Fine sand, water 1
P8128W 4 1 7 1 114 44 31 NW/NW 2 213 .4 7260 .0 0-1 'Dark brown topsoil 1 140 1 7 1 2 0 .0 50 16 8 1
1-13 'Dark brown sandy silt I
13-23 1 Light brown sandy silt I
23-41 1 Brown day, gravel to 6’ I
41-43 I Qravel to 3’, first water I
43-54 (Very fine light gray sand I
54-55 |P ea  gravel, water I
ER-4348 184
permit ARC/INFO LOCATION COLLAR COLLAR DRILL LOO DEPTH TO Elev. PUMP TEST DATA
NO. ELEV. ELEV. Feet Lithology BEDROCK B edroek O “S " TIME
(M *t«rs) ••
u. Below Surface (FEET) (FEET) (GPM) f T) (HRS)
55-70
70-81
Light gray day, pea gravel 
Gray day , very fine sand
81-1 0 3  |Gray d ay  and small black rock
103-140 (Dark gray fine sand A 3% pea gravel, 
jwater
140-156 i Light gray elay A sh a le




Gravel to 7", water 9  11' 
Gravel sand to 4", water
>210 > 6542 20 20 16
23 -63  >Sllty sand 
63 -93  1Green silty sand
93-1 6 0  I Grey sandy day, water @ 160' 
160-183 | Brown day
183-202 |Ouartzite gravel, brown day  
202-210  (Hard Huckleberry luff, 0.5 gpm 





Output from the final MODFLOW numerical simulation is contained in ASCII 
format on Disk A. The ASCII file was archived using the standard Unix "compress" and 
"doswrite" commands from an IBM RISC 6000 workstation. The file can be retrieved 
using the standard Unix "dosread" and "uncompress" commands.
Description Filename Disk
ASCII output file from MODFLOW modout.Z A
AftlHUR LAKES LiSf&KV 






ARC/INFO coverages used to support the research were exported from ARC/INFO 
using the EXPORT command with the "coverage" option. The files were stored using 
the standard Unix "compress" and "doswrite" commands from an IBM RISC 6000 
workstation. The files can be retrieved using the standard Unix "dosread" and 
"uncompress" commands (the usual ".Z" filename extension for compressed files does not 
appear on the filenames due to DOS filenaming restrictions). The export files, denoted 
by the .e00 extension, can then be imported to ARC/INFO using the IMPORT coverage 
command. The file "geology.key" is an ASCII file containing the explanation for 
geologic units in the ARC/INFO geology coverage (geology.e00).
Description Filename Disk
Geology geology.eOO A
Geology explanation geology.key A
Soil units grouped by infiltration soil.eOO A
Intermittent drainages intermit. eOO B
Perennial drainages peren.e00 B
Water table map from Cox (1976) potmap.eOO B
Structural geology structur.eOO B
Vegetation veg.eOO B
